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Abstract
Our ability to move, and more importantly adapt our movements to satisfy the
needs of a desired context is the cornerstone of our evolutionary ascent. Due to our
bipedal nature, and the relative base of support it provides, movements must often be
considered with respect to the influences they will exert on body posture. Therefore, the
central nervous system (CNS) must effectively coordinate goals relating to both
movement and postural stability for successful and controlled movement to be achieved
in any number of daily tasks.
In fact, the apparent dichotomy between the processes of posture and movement
has been a constant topic of interest in motor control as both are thought to represent
competing challenges to the CNS. Reaching has been used extensively as a paradigm to
investigate this coordination as it is an example of a well-learned, efficient, goaldirected behaviour. However, when reaching in the standing position, the voluntary
shift in body position induced by the movement of a limb is associated with a need to
account for the dynamics (internal torques or joint forces) that may destabilise the
system or that are needed to achieve the task. In order to overcome the disturbance
caused by limb movement, it has been traditionally proposed that feed-forward (or
anticipatory) adjustments to posture precede voluntary movement to maintain stability.
The majority of studies in this domain have used single arm or leg movement
paradigms; whereas the largest segment of the body (the trunk) has received less
attention. When considered, investigation of the trunk segment provides an ideal and
robust paradigm in which to test for the underlying control of anticipatory postural
adjustments. As the largest of the body’s segments, the trunk has the greatest inertial
consequences for movement. This is complicated further through its many functions,
most complex being its role as a centralised segment upon which limb movements must
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be integrated. The head, a specialised segment responsible for housing many of the
important special senses necessary for postural and movement control (e.g. vestibular
and visual information) must also interact with the trunk to ensure stable sensory
information is available whilst posture and movements are executed.
This dissertation addresses a number of questions related to: 1) the feed-forward
control of the trunk, 2) the interaction of the trunk, the head (eye) and the arm, and 3)
how altering balance constraints informs us as to the role of feed-forward postural
adjustments in the lower limbs and trunk. The first experimental chapter examines how
the muscles of the trunk are activated prior to reaching (Chapter 3) and specifically, if
the activity is related to ensuring stability or movement. The next chapter (Chapter 4)
aims to determine whether such preparatory activity is part of a robust and modular
form of control enacted by the CNS that remains in spite of ‘movement requirements’.
Further, through the adoption of postures that alter the quality of the base of support, the
dissertation aims to confirm if such control is functionally stereotyped or whether it
adapts to challenges of stability (Chapter 5). Finally, a broader role of coordination is
investigated by assessing the role stability plays upon the strategies used to successfully
integrate visuomotor and postural mechanisms, often separate lines of inquiry in motor
control (Chapter 6).
Akin to findings of postural adjustments in the lower limbs, the spatial
characteristics of trunk muscle activity prior to the onset of movement supported the
notion that preparatory activity created the dynamics necessary for the initiation of
movement (Chapter 3). When quantified using techniques thought to reflect
mechanisms by which the CNS simplifies control of motor output (via the modular
recruitment of muscles at the spinal level), the extraction of similar functional muscle
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groups regardless of reaching with and without involvement of the trunk provided
evidence to support the role of movement initiation for anticipatory postural
adjustments (Chapter 4). The relationship between postural and movement goals were
challenged further by altering the capacity for centre of mass to be displaced. In a
similar fashion, both spatial and temporal characteristics of muscle activity across select
trunk and lower limb muscles followed a pattern assisting the progression of the centre
of mass towards the desired direction of movement (Chapter 5). Finally, consistent
visuomotor responses were produced under the same balance constraints, suggesting
that the incorporation of postural constraints into a whole-body gaze strategy is adopted
by the CNS (Chapter 6).
Therefore, the research conducted as part of this dissertation aims to answer
questions arising from how our central nervous system integrates two key, but
traditionally opposing outcomes, postural control and voluntary movement. Using the
archetypal movement of goal-directed, whole-body reaching, it provides empirical
evidence as to the nature of coordination between balance, stability and movement, the
priorities of the CNS in preparing a global mode of control for movement initiation, and
the effects of balance constraints upon visuomotor control. In essence, the integration of
posture and movement appear seamless, yet where does one begin and the other end?
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Chapter 1:

Introduction and Review of Literature

“Movement is essentially the only way in which we can interact with the
external world around us…the only other is through sweating…”
Prof. Daniel Wolpert, GlobalTED, Edinburgh, 2011
This quote is an elegant portrayal of why motor control has flourished as a
discipline of academic pursuit. Our ability to move, and more importantly to adapt our
movements for a desired context is the cornerstone of our evolutionary ascent. With
coordinated movement, we have built methods of communication upon which
societies have formed. Be it the capability of a top-flight golfer to consistently
produced accurate shots over hundreds of metres, or the footballer that must elude
opponents and release the ball to a teammate, all at speed and while remaining
mobile, those who are capable of reaching the pinnacles of coordination are received
with the celebrity and success that follows. Conversely, when this coordination is lost
it can have detrimental consequences with lasting effect. Reaching, for example, is an
essential skill necessary to interact with our surroundings; however, when these
movements deteriorate (e.g. in pathology, through injury, or simply as a consequence
of ageing), it can decrease independence, quality of life and result in a greater burden
on the health care system.
The research conducted as part of this dissertation aims to answer questions
arising from how our central nervous system integrates two key but traditionally
opposing outcomes, postural control and voluntary movement. Using a reaching
movement it examines how the trunk, the largest and heaviest segment of the body, is
prepared prior to movement initiation. Through the adoption of different postures and
movements of ranging amplitude away from the body, it aims to confirm if such
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control is stereotyped for movement initiation or whether it adapts to challenges of
stability. Similarly, coordination is investigated further by assessing the role stability
requirements play upon the strategies used to successfully integrate eye and head
movements, essential for stable vision, with postural mechanisms and movement
outcomes. In doing so, it provides empirical evidence as to the nature of balance,
stability and movement, and the priorities of the central nervous system in preparing
such goals during reaching.

1.1

An Overview
The coordination of balance and movement is a skill necessary for the

successful execution of day-to-day tasks. When we take the act of reaching, the need
to maintain balance leads us to produce characteristic movement patterns that safely
allow us to thrust our arm into space to attain our desired goal. The time in which this
unfolds, from identification of a goal to movement initiation, is often achieved within
a second yet there is no explicit decision made in how body segments will move, or
which muscles will produce those movements. This is a challenging feat when we
consider the vast repertoire of muscle and movement combinations that the neuromuscular system can produce, to create similar end task outcomes (or ‘reach’ its
common end goal). This redundancy (or abundancy) in the neuro-muscular system
becomes a primary source of interest in studying human motor control (Feigenberg,
2014 citing Bernstein, 1967). The inherent computational complexity in choosing a
particular motor plan, coupled with the speed of execution suggests that mechanisms
are in place to help simplify control for the central nervous system (CNS).
This review will begin by addressing the components of the neuro-muscular
system that are responsible for the generation and propagation of movement
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commands. Next, it will focus on the biomechanical variables thought to be key
factors in the control of posture and movement, before examining the traditional and
recent views on how mechanisms of anticipatory postural adjustments (APAs) are
used to control posture in a feedforward manner. Following this, discussion will
continue on the role of APAs in simplifying decisions of movement choice, and
contributing to the control of a biomechanically complex and redundant system
during reaching. Finally, it concludes by examining the importance of eye and head
movements (i.e. gaze control) in reaching initiation and execution, as well as the
incorporation of such visuomotor goals with whole-body postural and movement
requirements.

1.2

The neurophysiology of movement

1.2.1

Movement as a function of living
As was highlighted in Section 1.1, the ability to interact with our external

surroundings hinges on our ability to move (Wolpert, 2011). Tasked with curating the
700+ skeletal muscles under somatic (or volitional) control to produce movement is
the CNS. From areas of the cerebral cortices, efferent motor commands descend the
spinal cord, projecting onto terminal nerves and target muscles to produce desired
behaviours. When ascending signals and the sensory afferent information they
provide are integrated into this motor plan, smooth, effective and adaptable
movements are ensured. However, the role of the CNS is two-fold. Not only is it
required to control muscles related to the execution of movement, in creating such
movements (and shifting between various postures), voluntary and self-induced
perturbations are applied to the body. These alter the fragile equilibrium between the
safety of balance and the necessity of movement. Surprisingly, it is often when this
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capability is challenged that we grasp the true complexities of motor control with
which the CNS is dealing. For the initiation of movement to be successful, a number
of components within the neuro-muscular system must contribute and it is their
structure and organisation that have provided the first theories on movement
coordination.
1.2.2

From structure to function: Initial insights into the motor system and
movement generation
Much like the structure of a muscle dictates the number and orientation of

fibres that can contribute to its force generating capacity, and the attachment of
tendon to bone determines the direction that force will follow to produce a particular
movement, the study of characteristic components within a system can often give
insight into its possible functional capabilities (Abbott, 1916). In this respect, the
structure of the nervous system has provided many of the initial insights that have
shaped motor control theory. The outcomes of early histological (Campbell, 1905),
microscopic (Ramón y Cajal, 1909) and stimulation (Sherrington, 1906) examinations
of the CNS in the early 20th century lay the groundwork for such claims (for a detailed
review, see Porter and Lemon, 1993). Regions housing neurons with similar cell
characteristics were seen to be arranged somatotopically (i.e. aligned with function of
a particular body region) and could be identified throughout the entirety of the CNS.
For the sensorimotor system, there is no better example than from the continued use
of the motor homunculi (Penfield and Boldrey, 1937) and its respective tracts. These
tracts traverse from their origin in the cortex through the earliest (and most primitive)
sections of the nervous system (e.g. the brainstem) before passing motor commands
on to somatotopically-arranged motoneuronal pools within the spinal cord. Similar to
the functional outcomes shown in the example of the muscular system above, many
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task-level motor functions can be attributed to different organisational levels of the
CNS (Ting and McKay, 2007).
1.2.2.1 Cerebral Cortex
At the apex of the CNS lie the cerebral cortices. Comprising a number of
functionally diverse regions, the cortex is involved in incorporating high-level
cognitive processes and executive functions that are especially important in
movement preparation and execution. While not exhaustive, examples of cortical
regions involved in different aspects of such control are described below. Within the
fronto-parietal network, cortical regions responsible for spatial attention assist in
identifying goals that require movement in order to be successfully achieved. These
same

regions

proprioceptively

must
or

transform
tactilely,

sensory

into

an

information
actionable

represented

form

(via

visually,

sensorimotor

transformations that occur within the posterior parietal cortex and frontal eye field –
Crawford et al., 2004). This information enables other structures linked with highlevel cognitive processes (e.g. the prefrontal cortex, Euston et al., 2012) to make
decisions on whether (and how) to move. Motor planning can then be undertaken
using the primary areas for somatomotor integration, including the primary motor
cortex and its associated motor areas, the pre-motor and supplementary motor areas
(Lemon, 2008). Motor commands can then be transmitted to the spinal cord via the
pyramidal tracts. For the majority of muscles in the body, these commands descend
through the corticospinal tract (Figure 1.1a).
Based on its path through the spinal cord, the corticospinal tract can be divided
into two main components. The lateral corticospinal tract (CSTl) is the larger of the
two components consisting of 80-90% of the tract in humans and crossing to the
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opposite (or contralateral) side of the cortical hemisphere in which it originated
(Lemon, 2008). It is tasked with producing fine motor skills at the distal limbs either
through synapses producing direct cortico-motor connections (i.e. mono-synaptic,
Kuypers, 1981), or via spinal interneurons (i.e. di-synaptic), on to the terminal motor
neurones within the ventral horn of the grey matter of the spinal cord. The remaining
~10% comprises the ventral corticospinal tract (CSTv). In contrast to the lateral
component, the CSTv is primarily associated with innervation of the proximally-based
muscles of the axial skeleton. In addition, these neurons remain uncrossed as they
descend the spinal cord and only cross upon reaching their respective spinal level,
often with bilateral projections (Figure 1.1a, Nathan et al., 1990; Lemon, 2008).
1.2.2.2 Brainstem, Basal Ganglia and the Cerebellum
As we descend, deep cortical and sub-cortical regions act as a relay between
the higher-order cognitive functions of the cortex and more automatic motor functions
of the spinal cord. This is because co-laterals from sensory and motor tracts synapse
on specific nuclei within the pons and medulla of the brainstem (Figure 1.1b, Keizer
and Kuypers, 1989; Latash, 2008). At these junctions, the initial integration of visual,
vestibular and somatosensory information (including joint proprioception and tactile
afferents from the body and limbs) can occur prior to the release of motor commands.
Therefore, the importance of the nuclei and pathways that originate from these
regions lies in their capacity to modulate the coarse reflexes produced by mechanisms
within the spinal cord. Such modulation influences the quality of expressed
movements and can be achieved through a number of extra-pyramidal tracts,
including the vestibulospinal, tectospinal, propriospinal and reticulospinal tracts
(Figure 1.1b).
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Despite variations in origin and specific function, the extra-pyramidal tracts
are implicated in two key functions that are of interest in this dissertation; the
regulation of posture and balance, and the eye/head orientation necessary to
coordinate gaze shifts for accurate visual information. The regulation of balance is
often achieved through the modulation of excitation and inhibition between
antagonistic pairs of muscles at a particular spinal level. For example, the
reticulospinal tract modulates antigravity muscle activity from flexors and extensors
in the control of bipedal posture (Buford and Davidson, 2004). To tightly control eye
and head movement, signals from the vestibular apparatus reflecting head orientation
are sent to the vestibular nucleus and transmitted directly to ipsilateral motor outputs
at the cervical and upper thoracic levels, and premotor circuits for fast eye movements
(i.e. saccades) via the vestibulospinal tract (green, Figure 1.1b). This is complemented
by the early processing of visual information arising from the superior colliculus and
sent to similar outputs via the tectospinal tract (dark blue, Figure 1.1b), to enforce
head orientation with respect to the visual (Isa and Sasaki, 2002). Propriospinal tract
neurons (red, Figure 1.1b) provide the CNS with the capacity for separate sections of
the spinal cord to communicate due to its diffuse and bilateral projections onto spinal
interneurons (e.g. between the cervical and lumbar enlargements – Holstege, 1998;
Lemon, 2008). Extending this connectivity, dense corticoreticular and reticulospinal
neurons (cyan, Figure 1.1b) allow communication between the cortical motor areas
and multiple spinal levels via the reticular formation (Drew et al., 2004; Matsuyama
et al., 1999, 2004). These structural characteristics and strong sensorimotor
connections form the basis for the role of the extra-pyramidal tracts in coordinating
the large proximal musculature of the body to produce head, trunk and gaze
stabilising mechanisms (Kuypers, 1981).
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Figure 1.1 Primary descending pyramidal (a) and extra-pyramidal (b) tracts
necessary for the propagation of movement commands. a. The pyramidal tracts for
the control of axial and distal musculature are the ventral (CSTv) and lateral (CSTl)
components of the corticospinal tract (CST). Stemming from cortical motor areas, the
two tracts diverge at the level of the medulla, whereby the CSTl crosses the midline to
travel in the contralateral section of the spinal cord to synapse onto distal muscle
motoneurons. Alternatively, the CSTv remains within the ipsilateral spinal cord
before projecting bilaterally at the intended spinal level. b. The extra-pyramidal tracts
including the vestibulospinal (green), tectospinal (dark blue) and reticulospinal (cyan)
receive sensory afferents, via the visual or vestibular apparatus, or co-laterals from the
cortex before descending from specific nuclei (diamond = vestibular nucleus, open
circle = superior colliculus, shaded rectangle = reticular formation) down the medial
aspect of the spinal cord. While these tracts run ipsilaterally they often have bilateral
projections (via co-laterals – dashed) when terminating onto motoneurons. In
particular, the reticulospinal and propriospinal (red) tracts arborise diffusely
throughout the levels of the spinal cord to provide communication between levels that
are not in close proximity (e.g. a propriospinal neuron originating in the cervical
enlargement synapses within the lumbar region). Adapted from Kandel et al., 2000
(Figure 33-15, pg. 670) and Lemon, 2008 (Figure 1, pg. 199).

The cerebellum and basal ganglia also provide important contributions to the
control of movement. As the most rigidly structured brain region, the cerebellum
shares regular inputs and outputs with the adjoining brainstem, which result in a
stereotyped transmission of information (Wolpert et al., 1998). The high proportion of
signals that stem from sensory stimuli (in particular from vestibular and visual
afferents) contribute to the capacity of the cerebellum to anticipate and predict the
“sensory consequences of action” (Manto et al., 2012). This can be used in a
predictive model of intended movement that can inform, update and shape
movements as they are produced (i.e. through internal forward models or efference
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copy – Wolpert et al., 1998) and also allow for the regulation of posture. Due to its
structure and stereotyped connections, the cerebellum closely resembles a comparator
or modeller (Herzfeld et al., 2015), that over time, can be used to adapt motor plans to
novel situations (i.e. motor learning adaptation – Martin et al., 1996; Maschke et al.,
2004; also see Chapters 5 and 6 of Shadmehr and Wise, 2005). Deep cortical regions,
including the thalamus and basal ganglia, are also essential to the sensorimotor
integration necessary for assessing the quality of movement. Specifically, they are
responsible for tonic inhibition that reduces the incorrect action of competing
movement plans (Grillner et al., 2005). Often their roles have been studied through
the lens of lesion or damage, for example, where dyskinesia in Parkinson’s Disease
patients occurs as a result of dysregulation within basal ganglia networks (Obeso et
al., 2004).
1.2.2.3 Spinal Cord
At the base level, the spinal cord is responsible for housing the
neuroanatomical tracts described above, transmitting afferent and efferent information
between the body and higher structures of the CNS, as well as across spinal levels
(via the propriospinal tract, see Section 1.2.2.2 and Lemon, 2008). Simple, automatic
and rhythmic functions can be achieved using the circuitry situated within the spinal
cord. These can manifest themselves in the form of short latency feedback-mediated
responses to stimuli, or basic reflexes, such as the mono-synaptic Hoffmann’s reflex
(Tucker et al., 2005). They can also produce the stereotyped pattern of activation seen
during cyclical tasks such as locomotion, where alternating modulation of reflexes to
opposing (or antagonistic) muscles is driven by central pattern generators (Duysens
and Van de Crommert, 1998; Dietz, 2003).
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1.2.2.4 Can structure tell us everything?
Despite the tiered structure of the CNS and changes in complexity to motor
functions at each level, the functional organisation of the CNS continues to be
debated today (Graziano and Aflalo, 2007; Wang et al., 2017). This is because the
bridge between structure and function has primarily been examined through one of
two main experimental methodologies; via investigations of abnormal movement
behaviours, derived from lesions and pathological states (Babinski, 1899,) or through
stimulation studies (Sherrington, 1906). However, there are caveats to deriving motor
control theories from these circumstances. In fact, Porter and Lemon (1993) stated:
“While there are limitations to the interpretation of results of electrical
stimulation experiments and of the information which can be deduced about normal
function from the disabilities produced by disease and lesions, a framework is
provided by these observations which allows us to proceed to further study of the
anatomy and physiology of the output system operating through (supraspinal) and of
the influences of its impact on spinal cord machinery for the production of
movement.” (Porter and Lemon, 1993, p. 35)
Therefore, one must be wary of deriving function and mechanisms of control
based on structure alone. Its investigation can provide insights into the boundaries we
may expect typical processes to adhere to, thus providing a framework within
function can be examined. This is because;
1) The relationships between structure and function are often identified by
their absence of function, either due to studies of disease, disability, lesions or
abnormal motor behaviours (Babinski, 1899), and,
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2) Understanding the functional role of a particular structure is dependent on
the behaviour used to elicit activity within that structure (Jonas and Kording, 2017;
Krakauer et al., 2017). This is aptly described in the analogy used by Krakauer and
colleagues (2017), whereby the intimate knowledge of the anatomy and physiological
features of a bird’s feathers (i.e. the structure), could not explain the behaviour of a
flock of birds in precise flight together (i.e. the function - Krakauer et al., 2017). By
considering the vast interconnections made at both the cortical (e.g. between frontal
and parietal regions) and spinal level (via interneurons and extrapyramidal tracts that
span spinal levels), it would be difficult to conclude that defined areas within the
cortices are tasked to act independently or that the execution of certain functions is
confined to a single brain region. The interaction between regions and across levels is
necessary to help formulate smooth and appropriate responses. Therefore, using an
appropriate paradigm is paramount to probing questions regarding the control of
voluntary movement.
1.2.3

Goal-directed

reaching:

A

behavioural

example

of

sensorimotor

integration
Goal-directed reaching has become a natural behavior used to interact with our
surroundings. This is evident in the emergence of the vast differences in anatomy and
biomechanics between the upper and lower limbs (e.g. when we consider the mobility
of the shoulder compared to the hip joint - Young et al., 2010) and the functional
specificity of fine motor control between the hands and feet. It is a movement that
requires contribution from a range of stimuli in order to achieve a desired objective
(e.g. picking up or placing an object down). Thus it works in a multi-faceted manner,
integrating various modes of sensory information to produce efficient goal-driven
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motor commands. The general components of a reaching movement are described
below.
Firstly, object identification determines the spatial aspects of a target through
the orientation of vision. This requires a number of CNS regions to coordinate the
visual requirements for initial (and future) motor planning, as well as the postural
need to orient the head and neck in space, alongside the limb towards the target.
Greater detail on the mechanisms of visuomotor control and the necessary
coordination between the eye, head and body (including the primary arm movement)
during reaching will be provided in Section 1.4.4.2.
Next, cortical commands from motor planning areas (see Section 1.2.2.1)
indicate the initiation of focal movement towards the target using efficient movement
strategies. Such strategies involve functional groups of muscles with typical activation
patterns to control the spatial and temporal variables of movement (Flanders et al.,
1994; Kalaska, 2009). During the execution of the movement, proprioceptive and
visual feedback ensures target attainment by reducing the discrepancy between the
target’s position in space and the reaching limb during reaching (i.e. online error Soetching and Lacquaniti, 1983).
The above details however, only refer to the input needed to detect the position
of the target and to orient the upper limb towards it. Appropriate postural responses
also need to be conveyed to the supporting muscles of the trunk and lower limb. Thus,
a precise co-ordination of posture and movement is required to execute reaching. This
can become increasingly more complex depending on the postural context in which
reaching occurs. Even a simple transition in reaching from a seated posture, where
movements are produced on a large stable support surface, to reaching during stance,
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can place greater biomechanical consequences on stability for the same task.
Therefore, to determine how posture and movement are coordinated, one must
understand the biomechanical considerations that are taken into account by the CNS,
including which variables are used to enact coordinated responses and what goals
they subserve. The interplay between two primary biomechanical variables, the centre
of mass (CoM) and base of support (BoS), have often been investigated when
examining theories pertaining to postural control.

1.3

Postural Control

1.3.1

General principles for the control of posture
“…hands and arms could hardly have become perfect enough to have

manufactured weapons, or to have hurled stones and spears with a true aim, as long
as they were habitually used for locomotion and for supporting the whole weight of
the body, or…for climbing trees. From these causes alone it would have been an
advantage to man to have become a biped.”
Charles Darwin, The descent of Man, 1871

From a phylogenetic perspective, our transition from quadrupedal beginnings
to bipedal stance has been essential to our evolution. The advantages of mobile,
dextrous upper limb movement enhanced our capability to survive by paving the way
for tool use, allowing hunting and gathering to occur whilst remaining ambulatory
(Niemitz, 2010). Therefore, tasks such as reaching whilst standing can provide an
elegant framework for the understanding of the role of posture and movement in a
number of ways. This is because the bipedal nature of the human species brings with
it a constant challenge to maintain upright posture. Forces acting externally upon the
body, such as gravity, as well as internally-derived forces from muscular contraction
all influence body position and must be managed appropriately (Massion, 1992). This
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is exacerbated by the distribution of mass found in human stance. A large proportion
of the body’s mass is situated over 60% of the body’s height above the support
surface (Winter, 1995; Horak and Macpherson, 1996). Due to this distribution, the
postural configuration of body segments in standing is commonly referred to as an
‘inverted pendulum’ (Johansson et al., 1988; Barin et al., 1989; Winter, 1995; Park et
al., 2004). From a mechanical perspective it is inherently unstable. This is because the
point at which the summed masses of all body parts are merged (forming the CoM
position in space), is restricted to move within a small BoS provided by foot contact
with the ground. Movement that exceeds these limits of support will cause an
imbalance of the system that will require adjustments to be made by the CNS to
ensure the CoM returns within the bounds of the BoS, thus maintaining balance. This
complexity is only exaggerated when voluntary movement is added to the equation.
One line of thinking (Bouisset and Zattara, 1981; Eng et al., 1992; Fredli et al., 1984;
Massion, 1992) considers that the internal forces that arise from muscular activity and
corresponding joint torques (associated with displacing a particular body segment)
may also need to be accounted for in maintaining balance. Stability of the entire
system is thus predicated on the interaction between postural control and movement
coordination, and for the purposes of this dissertation stability (or lack thereof) refers
to the capacity of both mechanisms to effectively reduce the deviation of the body’s
CoM position.
For example, in order to better understand the mechanics of human balance
and motion, researchers tend to reduce the complex construction of the body into
simplified rigid segments each with separate masses. Figure 1.2 illustrates this with a
common linked rigid segment design of the body in the sagittal plane for a variety of
postures. Often the upper and lower limbs are divided into discrete segments and
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connected to a single trunk segment by a simple joint to allow for a two-dimensional
estimation of movement. Such are common elements when representing movement in
a number of postural tasks. Moving from quiet standing (Figure 1.2a) to reaching
(Figure 1.2b) highlights that as the hand is transported further in front of the body, the
shift in upper limb segments causes the CoM to move towards the boundaries of the
BoS (black bar – Figure 1.2). If we imagine this same task occurring from a seated
position (Figure 1.2c) the large affordance of stability (arising from contact with the
chair) does not elicit the same challenges to stability (green cross – Figure 1.2c). In
fact, a destabilising forward movement occurs when the CoM exceeds the BoS (blue
cross - Figure 1.2d) and must be compensated by future alterations to posture.
Therefore, the biomechanical context (in this case, the posture adopted) and taskrelated outcomes (i.e. reaching) will dictate the interaction between postural control
and voluntary movement.
1.3.2

The head and trunk: Of special biomechanical importance
The segments providing approximately 60% of the total mass to the unstable

system of the body in upright stance are the head and the trunk (Dempster, 1955;
Yang et al., 1990; Winter, 1995). The interconnected segments are biomechanically
linked during movement, yet both possess functionally important specialisations. The
head provides support and protection of the brain whilst housing the sensory organs
necessary to provide information about our own body movements in relation to the
external environment (e.g. via the vestibular apparatus of the inner ear), as well as
features of the environment itself, especially beyond the bounds of arm’s reach (i.e.
through vision, Patla, 1998).
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The larger trunk segment must also support and orient the head, as well as the
attached upper and lower limbs in their objectives (e.g. for object identification,
balance or movement initiation). This is in addition to concurrently fulfilling a
number of other roles including respiration and containment of the abdominal organs.

Figure 1.2 Illustrative example of a rigid linked schema of the whole body including
thorax and pelvis in a range of postural positions. In natural stance (a), balance of the
system occurs when the centre of mass (CoM; grey cross) resides within the confines
of the base of support (BoS; black bar), an area determined by contact with the
support surface (i.e. ground). As posture is altered (through the reorientation of
segments), dynamic stability can be maintained if the CoM stays within the global
limits of the BoS (b, c), however; movement beyond this will require corrective
postural adjustments to ensure balance is retained (d).

Due to their inertial characteristics even slight movements of these segments
will elicit significant changes in the position of the body’s CoM, which in turn, result
in the generation of segment perturbing torques (Figure 1.2d, Honegger et al., 2012;
Lee et al., 2013). For balance, such torques must be corrected through the controlled
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activation of antagonistic muscles at the ankle or hip joint complexes (Horak and
Nashner, 1986). However, the requirements of whole body reaching not only
necessitate movement of the head and trunk in spite of their inertial consequences, but
the aims of such movements of the head, trunk and limbs may also become
conflicting during the initiation and subsequent execution of voluntary movement.
Whether highly stereotyped mechanisms (like the reflexive coordination between eye
and head movements for clear vision – Carpenter, 1991) are used for stable vision,
and whether the control of such mechanisms sit within or beyond CNS control
operating for whole-body movements will be addressed in this dissertation.
The role of the CoM has been discussed in terms of the biomechanical
requirements for stability, yet it is not the only variable that has been associated with
postural control. In fact, CoM position represents the calculation of a fictive point in
space aimed at describing common behavioural phenomena. Therefore, it is difficult
to determine if changes to CoM displacement are purely a consequence of control
mechanisms or of the paradigm and methods used to calculate it. If this is the case,
then the physical control of head and trunk orientation may be more appropriate.
Evidence has supported both as being primary controlled variables when balance is a
priority (head - Pozzo et al., 1990; Wade and Jones, 1997; Mouchnino et al., 1992;
trunk – Horak and Macpherson, 1996; Mergner et al, 1991; Mouchnino et al., 1992,
1993), with such coordination formed by 6 months old (Cheron et al., 2001). In fact,
based on the results of Gurfinkel et al. (1981), Oddsson and Thorstensson (1987)
remarked;
“The control of the trunk and its position in relation to the support surface can
be considered as the most important single factor for the maintenance of
equilibrium” (Oddsson and Thorstensson, 1987, p. 94)
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Overall, these underline the importance behind reasons for the role of trunk
stabilisation in balance; however, regardless of the variable necessary for control, a
central question remains - If balance is not compromised, and the CoM is limited to
the BoS, why does the CNS produce seemingly necessary and appropriate changes to
posture? This question will be investigated in the current dissertation by examining
and interpreting the preparatory strategies that underlie experimental conditions where
variables of posture and movement are altered.

1.4

Simplifying it all: Higher control in posture and movement
Two main experimental paradigms have been used to elicit postural

adjustments; unexpected perturbations and goal-oriented movements. Although both
involve perturbations, they require different modes of control to maintain equilibrium.
Reactions to perturbations occur when unexpected movements of the support surface
take place, much like the response a standing passenger might produce when a
moving bus or train comes to a sudden halt. Appropriate muscle activity aims to
correct posture and preserve balance using feedback loops from afferent
somatosensory receptors (e.g. proprioception), changes to visual stimuli, and
disturbances to the vestibular apparatus. Using a variety of paradigms, automatic
postural responses (APRs) have been studied extensively and are represented by
spatially tuned motor responses that are context-specific and more complex than
simple spinal stretch reflexes (Allen et al., 2017; Chvatal and Ting, 2012, 2013;
Chvatal et al., 2011; Sawers et al., 2015). As APRs give an insight into how our body
reacts to being perturbed, insights into motor control were appropriated for
observations made prior to the onset of voluntary movement. However, during
voluntary movement, it has been suggested that the CNS can predict the upcoming
disturbances caused by the moving limb (Bouisset and Zattara, 1981; Winter et al.,
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1995). This mode of control is especially prevalent with goal-oriented functional tasks
such as reaching.
1.4.1

Anticipatory Postural Adjustments: Feed-forward mode of control
From a biomechanical perspective normal human stance is not ideal for

stability as the CoM is situated well above a usually constrained BoS (see Section
1.3.1). For example, Bouisset and Zattara (1981, 1987) found that with a simple
bilateral arm raise movement, where dynamic stability is required, activation of a
number of posteriorly-located lower limb muscles preceded the initiation of the
agonist muscle (i.e. anterior deltoid) in a disto-proximal manner. They suggested that
such muscle activity created adjustments that counteracted the disturbances exerted
on the body and CoM by the movement of the arm anteriorly. These were termed
‘anticipatory postural adjustments’ (or APAs) and they have been studied through a
variety of experimental paradigms (Bouisset and Zattara, 1987; Commissaris et al.,
2001; Crenna and Frigo, 1991; Crenna et al., 1987; Eng et al., 1992; Lee et al., 1987;
Leonard et al., 2009, 2011; Massion et al., 1994; Mochizuki et al., 2004; Stapley et
al., 1998; Touissant et al., 1997; Zattara & Bouisset, 1988). As such, resulting motor
patterns seen in traditional paradigms involving the ‘self-generated’ displacement of
distal limb segments (e.g. arm raising, reach and grasp, lifting, kicking, etc.) have
generally been placed in a context relating to the maintenance of equilibrium. While
debate continues on the proposed priorities of posture and movement during goaloriented behaviour, a clear finding is that these postural adjustments are not simple
reflexes, but like the complex feedback-based APRs, require higher-order CNS
control. Evidence for this stems from a common neural substrate (i.e. pontomedullary
reticular formation, see Figure 1.3) in their modulation (Schepens and Drew, 2003,
2006; Schepens et al., 2008; Stapley and Drew, 2009) and the specificity in responses
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to task or movement variables. For APAs this includes movement velocity (Hodges
and Richardson, 1997a; Horak et al., 1984; Mochizuki et al., 2004), load (Aruin et al.,
2001; Baldissera et al., 2008; Fredli et al., 1984; Horak et al., 1984), movement
direction (Aruin and Latash, 1995b; Leonard et al., 2009), task expectation (Esposti et
al., 2015; Horak et al., 1984), and as a consequence of aging (Inglin and Woollacott,
1988; van der Fits and Hadders-Algra, 1998; Woollacott and Manchester, 1993). This
specificity is extremely important considering the timing of APAs in relation to
movement initiation does not allow for afferent information of the upcoming
movement to be used (Bouisset and Le Bozec, 2002). Based on their specificity,
timing and initiation prior to movement, APAs can be considered an unconscious and
feed-forward form of postural control.
1.4.2

Alternative views: APAs in creating the conditions for movement
Surprisingly, the majority of these paradigms focus on the impact of

perturbations on lower limb musculature and how they may act to primarily stabilise
the CoM during movement (Bouisset and Zattara, 1981, 1987; Commissaris et al.,
2001; Crenna and Frigo, 1991; Zattara and Bouisset, 1988). However, the movements
analysed tend to remain within single orthogonal planes and as such, may be limited
in their functional significance. Unilateral or bilateral arm raises elicited in static
postures may not be indicative of wider motor control, especially when considering
activities of daily living and the importance placed on the relevance of goal-directed
behaviours in interpreting mechanisms of motor control (see Section 1.2.2.4). This is
exacerbated by the general instruction for the rapid execution of movements (Bouisset
and Zattara, 1981, 1987; Hodges and Richardson, 1997b, 1999). While rapid
movements increase the resultant torques acting at the joints and the respective
amplitude of postural responses, it is not clear how these relate to functionally
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relevant situations. The number of agonist and assisting muscles, and their
corresponding activation patterns to counteract erroneous torques may differ from
functional tasks that do not have time or reaction constraints (i.e. self-paced – de Wolf
et al., 1998).
In fact, such interpretations have led to posture control theories that are rigid
and have been challenged (Crenna and Frigo, 1991; Hasan, 2005; Leonard et al.,
2009; Pozzo et al., 2001; Stapley et al., 1999). Such challenges are largely based on
new data pertaining to functionally relevant movement scenarios (Stapley et al., 1998,
1999) and simulations (Pozzo et al., 2001). Early findings observed in the cat showed
that preparatory adjustments occurring prior to reaching were necessary for task
attainment, but were not necessary for postural control (Alstermark and Wessberg,
1985). Following this, the presence of APAs in dynamic scenarios were shown to
initiate locomotion (Breniere et al., 1987) and step initiation (Burleigh et al., 1994),
whilst also ensuring accurate target attainment within the upper limb (as intra-limb
APAs – Caronni et al., 2013; Cavallari et al., 2016). These findings diverged from the
original hypothesis set forth by Massion (1992) surrounding the functional role of
APAs. For scenarios requiring whole-body movements, APAs were tasked with
initiating the acceleration of the CoM and not simply minimising CoM displacement
to remain with the BoS. However, it is important to note that such contentions have
been examined using paradigms that focus on the lower limbs. In fact, feed-forward
control of the trunk has received less attention than its extraneous counterparts despite
its heavy biomechanical contribution to movement and importance in orienting the
limbs and head (see Section 1.3.2).
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1.4.3

Getting aHead of the Core issue: Control of the head and trunk during
voluntary movement
Owing to the structure of the vertebral column and overlapping nature of

muscular attachments, the trunk segment is often considered with functional stability
in mind (Cholewicki et al., 1997). It has also been discussed that trunk stability is
often of primary concern in maintaining equilibrium (see Section 1.3.2). Therefore,
when applied to the trunk, the structural requirement for stability has complemented
the traditional notion of APA function for postural stability (outlined in Section
1.4.1). This was further strengthened by initial evidence from classic APA armraising studies that revealed a pattern of muscle activity (albeit for a small subset of
trunk muscles, the rectus abdominis and erector spinae) that aligned with the
reduction in reactive torques that focal arm movement would place on the trunk
(Bouisset and Zattara, 1981; Fredli et al., 1984).
Directional specificity of APA production was shown in both the seated and
standing positions (self-initiated weight drop – Aruin and Latash, 1995b; arm raise –
Hodges et al., 1999, 2000, 2001; Tyler and Hasan, 1995), across voluntary movement
of the upper or lower limbs (Hodges et al., 1997, 2001; Hodges and Richardson,
1997a, 1997b, 1999), as well as prior to isolated trunk movements (Adamovich et al.,
2001; Alexandrov et al., 1998; Crenna et al., 1987; Oddsson and Thorstensson, 19871;
Thorstensson et al., 19851). However, both sets of methodologies highlight the
extremes of the functional movement spectrum and these behavioural differences may
be crucial to the interpretation of possible CNS mechanisms of control (see Section
1.2.2.4). Arm raises require the trunk to remain fairly static, while isolated trunk
1

These studies showed preparatory muscle activity within the trunk despite the
primary experimental focus pertaining to the influence of amplitude and speed on
movement performance.
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bending without interaction of the arm exaggerates the end-of-range trunk motion.
Neither task emulates functional trunk motion nor is their effect on muscle activation
patterns shown to be indicative of functional tasks. Surprisingly, evidence of the
coupling between trunk and arm motions during reaching has suggested that the CNS
may simplify control of the two movements in a combined fashion, rather than a
simple summation of the two movements (Kaminski and Simpkins, 2001). Therefore,
a goal-directed behaviour that is consistently called upon for daily use, such as
reaching, allows for a proper analysis of its role in both a typical movement and
postural scenario. The methodological benefits of using such a paradigm will be
elaborated on in Chapter 2 (see Section 2.1).
While directional specificity of trunk APAs has already been shown
(Adamovich et al., 2001; Alexandrov et al., 1998; Aruin and Latash, 1995b; Crenna et
al., 1987; Hodges and Richardson, 1997a, 1997b, 1999; Hodges et al., 1999, 2000,
2001; Oddsson and Thorstensson, 1987; Thorstensson et al., 1985; Tyler and Hasan,
1995), the purpose of these adjustments has sometimes opposed the view that the
stabilisation of the CoM is the primary objective. During seated reaching, the
discrepancy between simulated torques necessary for stability and those simulated
from spatially recruited trunk muscle activations suggest that balance may not always
be prioritized (Tyler and Hasan, 1995). In fact, it has been found that superficial trunk
muscles give preparatory activation and opposite resultant movements, which act to
primarily orient the trunk and that CoM position is only a secondary consideration
(Hodges et al., 2000, see Section 1.3.2). Despite these deviations from the traditional
roles of APAs, it is not surprising that coordinated trunk muscle activation has been
primarily focused upon spinal stability. The role that variables such as intraabdominal pressure and transverse abdominis activation (the deepest layer of anterior
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trunk musculature) play in healthy (Cresswell et al., 1994; Hodges et al., 2000, 2001a)
and pathological cohorts (Hodges and Richardson, 1999; Hodges, 2001) has
continued to drive these traditional ideas. For example, the unique motor control
associated with the transverse abdominis, being spatially indiscriminant and
temporally locked to stimulus onset regardless of movement context (e.g. arm vs. leg
raise in different orthogonal directions – Hodges and Richardson, 1997b, Hodges et
al., 1999), is in stark contrast to the direction-specific activity of superficial muscles.
This has been proposed as evidence of independent commands for posture and
movement (see Section 1.4.4.1, Hodges et al., 2001). However, a key area of concern
is whether such findings are a consequence of differences in methodologies, as APA
production of the trunk has often been restricted to examination of muscles
contralateral to the moving segment (Hodges and Richardson, 1997a; Hodges et al.,
1999, 2000, 2001), rather than a bilateral investigation (Tyler and Hasan, 1995). In
fact, when bilateral recording of deep stabilisers has also been conducted, directionspecific preparatory activation persists (Allison and Morris, 2008; Allison et al., 2008,
Morris and Allison, 2006; Morris et al., 2012, 2013).
If postural activity associated with the trunk is examined across both
feedforward based APAs and feedback driven APRs (see Section 1.4.1), activity is
often not stereotyped but specific to the task undertaken (Oddsson and Thorstensson,
1990; Urquhart et al., 2005a, 2005b; Tokuno et al., 2013). In fact, postural activity of
the trunk has been described as being “unlike those seen for upper or lower limb
perturbations” (Carpenter et al., 2008; p. 445). The timing and activation of postural
adjustments differ for separate trunk muscles (e.g. anterior vs. posterior musculature Carpenter et al., 2008; Tokuno et al., 2013), while APA timing is altered between
superficial and deep layers of muscles (e.g. erector spinae vs. multifidus - Moseley et
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al., 2003; Tokuno et al., 2011), and regionally within muscle groups (e.g. internal
oblique - Urquhart et al., 2005b). This conflicts with the generality of postural
responses originally proposed by Hodges and Richardson (1997a) for the trunk.
Less work has focussed on APA production for the head in the schema of
whole-body movement, despite its stability being a variable of interest (Pozzo et al.,
1990). This is because head movement is often considered with respect to visuomotor
control and the production of accurate gaze mechanisms. When APAs have been
assessed for neck musculature (under external perturbations during motion – DannaDos-Santos et al., 2007), two functionally different outcomes are observed, cocontraction and reciprocal direction-specific activity. While these two strategies look
to align with descriptions of APAs above, the authors strongly suggested that such
responses were separated from APAs that control the stability of the trunk and lower
limbs for this task. Whether this aligns with findings of neck muscle activity prior to
rapid voluntary arm movements, it “should not be interpreted as compensation for the
postural perturbation” (Gurfinkel et al., 1988).
Feed-forward in nature, these complex and specific APAs are seen in each
segment of the body prior to voluntary movement. Such specificity implies that the
CNS is tasked with managing the complex calculations involved in either neutralising
or creating torques (through the sequencing of muscle activity) for task goals. In fact,
the extent of this control of interdependent goals becomes challenging when
considering the abundance of movement choices offered by the vast degrees of
freedom present within the whole-body system. This includes the biomechanical (e.g.
maintenance of balance and subsequent postures), structural (e.g. anatomical design
and limitations of the skeletomuscular system) and neural (e.g. sensorimotor latencies
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and planning/achieving of movement outcomes) components that are only
exaggerated further due to our bipedal nature. Bernstein termed this the motor
redundancy problem (Feigenberg, 2014 citing Bernstein, 1967).
1.4.4

Coordinating elements of a reaching task

1.4.4.1 Coordinating posture and movement
When initially confronting this problem, Bernstein swam against the tide of the
Pavlovian dogma of the time, rejecting the notion that conditioned reflexes were the
product of individual afferent connections in the cortex and solely responsible for
actions (Feigenberg, 2014).
He hypothesised that rather than stemming from independent segmental
control or simple spinal reflexes (or chains of reflexes – Feigenberg, 2014),
movement must be organised and coordinated in a hierarchical fashion (Gurfinkel and
Cordo, 1998). By observing the variability in motor action despite constancy (and
successful execution) of the global task, he suggested that a higher mode of control
must be utilised in the construction of movements (Feigenberg, 2014 citing Bernstein,
1967). Evidence of motor equivalence (Rothwell, 1987), whereby complex motor
tasks (e.g. handwriting) can be achieved using varied combinations of body segments,
adds further weight to this theory As this idea progressed to incorporate the
biomechanical needs of balance and voluntary movement, two main theories were
posited on the coordination of posture and movement control (Massion, 1992).
Firstly, posture and movement execution can be considered as separate
commands that travel in parallel to postural and focal (i.e. movement specific)
muscles to satisfy each respective task (Figure 1.3, Massion, 1992). Physiological
evidence supporting this outcome is the stronger coupling of APA initiation with the
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stimulus for movement (e.g. visual or auditory ‘go’ signal), rather than the initiation
of the actual movement itself (pAPAs, Figure 1.3 adapted from Yakovenko and Drew,
2009). The presence of spatiotemporally stereotyped postural activity simultaneous to
the initiation of movement has also been viewed as support for parallel commands
under reaction time conditions that are generally used to elicit distinct APAs. This is
thought to represent the ‘holding’ of movement output until postural cues can be
reconciled (Lee et al., 1987; Massion, 1992). Is this stereotyped activity a
consequence of the limitations placed on the direction of application of voluntary
movement in these paradigms or of underlying CNS control? Considering that often
examination of APAs has occurred within the primary orthogonal planes of the body
(Bouisset and Zattara 1981, 1987; Crenna et al., 1987; Hodges and Richardson,
1997a, 1997b; Hodges et al., 1999, 2000, 2001; Mochizuki et al., 2004), a richer
examination of reaching across a range of directions and postural contexts should
address such a question. Results stemming from such examinations should also allow
for interpretation of how both posture and movement are coordinated (i.e. within the
context of the framework in Figure 1.3).
A hierarchical mode of coordination reflects the role of the movement
command to modulate the descending control of posture (Massion, 1992). In contrast
to the parallel mode of control, stronger temporal coupling of APAs with movement
initiation provides support for the modulation of posture to subserve movement goals
(aAPAs, Figure 1.3 adapted from Yakovenko and Drew, 2009). Evidence of such
timing is seen in goal-directed tasks such as whole body lifting and reaching
(Commissaris et al., 2001; Leonard et al., 2009; Stapley et al., 1999). Considering the
neuroanatomy described in Section 1.2.2, such control would require the movement
command to relay onto descending tracts that provide regulation of posture, thus
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implicating the extra-pyramidal tracts originating in the brainstem and the predictive
model of movement (or efference copy) associated with the cerebellum.

Figure 1.3 A summary of proposed mechanisms involved in the coordination of
posture and movement. Adapted from Yakovenko and Drew, 2009 and based up on
the work originally put forth by Massion, 1992.

In fact, there is increasing evidence for the role of a number of supraspinal
structures in the organisation and execution of postural responses (Petersen et al.,
2009). Neuronal recordings of cells within the pontomedullary reticular formation of
the cat have identified activity implicated in both feedforward APAs and feedbackbased APRs (Schepens and Drew, 2004, 2006; Schepens et al., 2008; Stapley and
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Drew, 2009), suggesting a common modulator in both postural control responses.
Non-invasive repetitive trans-cranial magnetic stimulation (TMS) inhibiting the
supplementary motor area alters the timing, but not the amplitude of APAs preceding
step initiation (Jacobs et al., 2009). Similarly, TMS of the M1 motor cortex in the
period preceding APAs facilitates the corticospinal excitability of the muscles
involved in the upcoming APA (MacKinnon et al., 2007).
If we reconsider Bernstein’s problem, a large flexibility in motor choice may
suggest the CNS is not forced to produce a solitary solution to achieve global task
goals (Latash, 2012); however, there is still a need to understand how an acceptable
decision is made by the CNS to produce a final movement strategy. Commands may
be determined by optimising high-level task variables such as CoM displacement
(Aruin and Latash, 1995a) or ground reaction force vector (i.e. magnitude and
direction of force application with the support surface – Leonard et al., 2009;
Macpherson, 1988a; McKay and Ting, 2008). These may be chosen to produce the
least computationally complex pattern of movement (e.g. minimum effort theory,
Hasan 1986), greatest conservation of energy (Hilt et al., 2016) or to reduce any
number of different costs to movement (e.g. optimal control theory - Todorov, 2004).
Another solution in detailing strategies that dictate coordination may stem
from the capacity to construct high-dimensional data sets and decompose their most
prominent features. For example, extensive activations of multiple muscles can be
decomposed into spatially or temporally defined motor modules (or muscle synergies)
for a wide array of biomechanical tasks (Allen et al., 2017; Chvatal and Ting, 2013;
Ting and Macpherson, 2005; Torres-Oviedo and Ting, 2010). As motor modules are
based on the underlying neurophysiological basis of motoneuronal firing and

~ 49 ~

neuroanatomical connections within the CNS (see Section 1.2.2), assessing whether
the recruitment patterns of motor modules change as a function of the biomechanical
context may shed light on postural and movement commands. Similarity in motor
modules may reflect the simplifying of lower-level muscle control to produce the
high-level task outcomes discussed above, providing elegant solutions to problems of
control by identifying the building blocks the CNS uses to produce movement
(Gistzer, 2015; Ting et al., 2015).
1.4.4.2 Visuomotor, focal movement and postural control: Visualising the ‘goal’
in goal-directed reaching.
Until now, the focus of coordination has been placed on the ability of nonfocal muscle activity to assist in either maintaining equilibrium or creating the
dynamics necessary for movement. One aspect that is crucial to the role of goaldirected reaching is the priority of visual information in dictating future movements
of the eye, head and arm.
To begin, visual information is necessary in allowing the correct identification
of a goal (see Section 1.2.3 for steps in goal-directed reaching). Depending on the
experimental paradigm, movement initiation may require the visual acuity gained
from central (vs. peripheral) vision, with the target fixated upon the detail-sensitive
foveal region of the eye (Carpenter, 1991; Prado et al., 2005). For example, if higherorder cognitive functions are needed to determine the salient features of a target for a
desired action, greater visual acuity from central vision may be necessary for
decision-making purposes. When compared to a simple visual light stimulus (such as
in laboratory-based testing of visuomotor control - Biguer et al., 1982; Pélisson et al.,
1986; Prablanc et al., 1979; Vercher et al., 1994), the coarse programming of the
spatial coordinates of the goal through peripheral vision may be sufficient to initiate a
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reaching movement (Desmurget et al., 1998). However, because of the usual
discrepancy between the location of the goal, eye and arm in space, the coordinates of
each must be reconciled into a single frame of reference for the successful execution
of movement (whether this is eye-centred, body-centred, arm-centred, or an
intermediate coordinate system is still of great debate – Crawford et al., 2004;
Desmurget et al., 1998; Pesaran et al., 2006). Areas of the fronto-parietal network,
including the frontal eye field and posterior parietal cortex (with the aptly named
parietal reach region), integrate this spatial visual information into a plan of
movement execution (Kalaska et al., 1997).
If we consider the initiation of movement itself, often a general sequence of
eye, head and arm movement occurs (Biguer et al., 1982; Vercher et al., 1994). For
reaction-based tasks, a saccadic eye movement occurs approximately 200-250 ms
after the illumination of a visual stimulus, followed by a movement of the upper limb
some 50-100 ms later. While the small delay of movement onset between the eye and
upper limb can be attributed to their respective inertial characteristics (Biguer et al.,
1984), focal muscle activation of the upper limb (e.g. anterior deltoid) may begin at
the same time as the saccade shift. This suggests that a parallel signalling mechanism
is adopted by the CNS in the production of a reaching movement (Gaveau et al.,
2014). Based on the timing of visuomotor actions and the production of APAs with
respect to focal movement onset, visual information can also influence the production
of APAs (Esposti et al., 2017; Krishnan and Aruin, 2011; Mohapatra and Aruin, 2013;
Mohapatra et al., 2012). While a number of these studies use an expected perturbation
(via a voluntary shift in load), they provide evidence that APA amplitude can be
modulated by changes in visual acuity (i.e. clarity of vision - Mohapatra et al., 2012),
or differing static and dynamic visual cues (e.g. strobing effects that alter the capacity
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to update visual information - Mohapatra and Aruin, 2013). These alterations to
vision ultimately aim to distort the perception and predictability of when an expected
perturbation will occur. In contrast, visual information may not be necessary to
produce APAs preceding voluntary movement, as the perturbation is internally
generated. However, when reaching to a practiced target beyond the visual field,
earlier APA production is observed for typical ‘gaze-first’ reaching strategies
compared to when reaching began prior to eye and head initiation (Esposti et al.,
2017). These authors suggested that the expectation of receiving future visual
information about the target (due to the earlier eye-head initiation) was incorporated
into postural control, potentially as a strategy to coordinate visuomotor and wholebody movements (Reed-Jones et al., 2009a).
It is important to note that such questions do not step beyond the scope of
movement initiation. In fact, the role of visual information and the associated eye
movements required to fixate upon the target are paramount to the ongoing execution
of the movement and final accuracy of the reach (Prablanc et al., 1979; van Donkelaar
and Staub, 2000). This is achieved through the ‘online control’ of movement
(Soetching and Lacquaniti, 1983) as motor commands are continually updated via
feedback. Also, both visual and visuomotor-derived signals (i.e. feedforward-based
predictive models of saccades and feedback-based proprioceptive signals from extraocular muscles - Guerraz and Bronstein, 2008) are known to play an active role in the
maintenance of balance (Glasauer et al., 2005; Guerraz and Bronstein, 2008; Strupp et
al., 2003). These will be touched upon within the Introduction and Discussion of
Chapter 6 (see Section 6.7 and 6.10).
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1.5

Rationale
In order to test theories relating to posture and movement coordination and the

functional role that APAs play in voluntary movement, they must be scrutinised under
a myriad of contexts. Comparing strategies when changes in bias between the need
for stability and movement goals are made, allows interpretations of the mechanisms
which underlie control rather than the constraints under which the action is made.
Despite previous focus on the lower limb, the inertial characteristics of the trunk
segment provide a unique opportunity to examine the generalised nature of motor
control when preparing to reach. Methods which focus on parsing out the focal
(movement) and postural components of a task may aid in identifying difficulties in
motor planning, programming and (as a consequence) movement execution (Fourcade
et al., 2016). This may be achieved by altering the interplay between focal and
postural components through changes to movement amplitude, and the postures upon
which reaching is performed. Moreover, such actions must be coordinated with the
movement of the head, a segment responsible for key visual and vestibular afferent
information, paramount to the success of movement and the maintenance of balance.
Investigating the relationships between visuomotor and postural dynamics under the
constraints of increasing stability needs can provide additional insight into whether
the same mode of control is presented across both the visuomotor and postural
systems during whole-body coordination.

1.6

General Aim
Therefore, a general aim of this research is to garner a greater understanding of

the coordination of eye, head and arm movements and investigate the preparatory
control of the trunk in voluntary reaching movements across changes to posture that
alter stability requirements. This will allow for an overall characterisation in the
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sequence of kinematic and muscular events that occur when preparing and initiating a
reaching task.

1.7

Scientific Objectives and Hypotheses
By examining both spatial and temporal aspects of inter-segmental and

underlying inter-muscular coordination across a range of directions and varying
biomechanical contexts it is the goal of this dissertation to provide an overarching
model of the eye, head and trunk in the contribution to postural and movement goals.
As such, the specific aims (i.e. SA1, SA2) of this dissertation are to;
SA1) characterise the spatial characteristics of the trunk in multi-directional
voluntary whole-body reaching movements, and
SA2) determine the influence that various biomechanical tasks constraints
have upon inter-muscular and inter-segmental coordination during movement
preparation. Specifically;
a) to determine whether changes in movement amplitude, or reaching
within and beyond arm’s reach (i.e. to peri- and extra- personal space)
reveal similar spatiotemporal muscle activation patterns for the trunk,
b) to determine whether changes in equilibrium constraints, through
the alteration of posture, impact the programming of APAs prior to
reaching, and;
c) whether modifications to APA programming associated with
postural changes produce changes in the relationship between the
visual (eye), head and arm in preparing a reaching movement.
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It is hypothesised that;
H1-i) similar to the muscles of the lower limb (Leonard et al., 2009), spatial
tuning for muscles of the trunk will be exhibited that promotes movement
toward the desired target for whole-body reaching, and that,
H2) similar to traditionally proposed mechanisms of anticipatory postural
adjustments, preparatory muscle activity would alter as a function of
biomechanical context. Such that,
H2-i) muscular coordination within the trunk will result in functional
preparatory groups that change in their spatiotemporal tuning as
reaching amplitude moves within arm’s reach and across postural
constraints that require greater stability. As a result,
H2-ii) visuomotor and reaching goals will be coordinated to produce a
strategy that prioritises gaze and accounts for changes necessary for
postural control.
These aims are addressed in the forthcoming experimental chapters (see
Chapters 3, 4, 5 and 6).
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Chapter 2:

Experimental Development and Design

In order to investigate inter-muscular and inter-segmental coordination during
movement preparation, an experimental paradigm was required in which the
relationship between posture and movement goals could be adequately assessed. It
was necessary that such a paradigm could also be altered to allow for examination of
the influence of differing biomechanical contexts, whilst still maintaining the same
global task outcomes. As such, the present chapter will discuss the methodological
rationale behind the use of a multi-directional whole-body reaching task as a robust
experimental paradigm in examining motor control. Following this, a general
overview of the apparatus and methodology relating to each experimental chapter will
be given. Specific details pertaining to data analysis can be found within their
respective experimental chapters (see Chapters 3, 4, 5 and 6).

2.1

Rationale for Reaching Paradigm
“One basic question that should be addressed by all researchers is whether a

paradigm is representative of the kind of disturbances experienced in real life.”
D.A. Winter, 1995 (p. 200)
Reaching aptly fits the description of a task in which we would expect
movements and their strategies to be naturally derived. While the multiple
components necessary for smooth and successful reaching have been touched upon in
the previous chapter (see Section 1.2.3), its merit as a methodological tool for
investigating motor control will be covered here. The functional relevance of reaching
stems from its necessary inclusion as a component in a number of activities of daily
living, which can be called upon under a variety of circumstances and environmental
conditions. A need to constantly adapt reaching movements to specific contexts
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means that specialised learning of the task is not an overarching requirement in the
production of movement. With consistent exposure to the task throughout
development, we would expect that strategies used during various reaching tasks may
translate more favourably to real life scenarios (Macpherson, 1991: Winter, 1995).
Considering that reaching often has clearly defined task goals (e.g. placing/picking up
a glass of water, reaching for a door handle) and can be reduced to a discrete task,
also make it well suited for analysis under laboratory conditions. Furthermore,
reaching generally utilises stereotyped movements through space in order for such
goals to be obtained, therefore any changes in strategy can be construed within the
context (or conditions) the movement is made under. This becomes an important
methodological advantage, as the ability to manipulate a variety of biomechanical
variables, including speed, accuracy and precision of movement, as well as placing
constraints upon posture or the movement itself (e.g. spatial constraints of finger
trajectory), can be used to probe the mechanisms responsible for postural control
during voluntary movement.
Therefore, a reaching paradigm aimed at elucidating inter-muscular and intersegmental coordination will not only require the investigation of a large repertoire of
muscle combinations (and their associated movements - Ting and McKay, 2007), but
also their activation under a number of posturally challenging scenarios. These robust
measures allow an accurate reflection of CNS mechanisms, rather than those
artificially imposed by experimental constraints (Macpherson, 1991; Ting and
Macpherson, 2005). As such, the experimental set-ups outlined below accommodate
the investigation of a number of questions regarding the coordination of posture and
movement.
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2.2

Overview of Reaching Paradigm

2.2.1

Experimental Apparatus
Figures 2.1 and 2.2 highlight the experimental set-ups used within this

dissertation. While all experiments involved participants performing reaching
movements to a range of laterally located targets, variations in the number of possible
targets, their distance from participants, as well as, the initial posture adopted were
used to address the specific aims outlined in Chapter 1 (see Section 1.7).

Figure 2.1 Schema of experimental set-up used in Study 1 and 2. Representative
postures relating to participant starting (green, solid figurine) and terminating (red,
dashed figurine) positions in reaching to three principal directions (0°, 90°, 180°).
Participants stood naturally upon two triaxial force plates (grey/white centre square)
with their reaching index finger affixed to the sternum. The array and individual
targets could be altered to allow for different distances of reaching away from the
body to be examined. Stereotypical finger trajectories (solid line, double arrow) and
centre of mass positions (circle, filled) are highlighted. For clarity, figurines have
been shifted across the mediolateral axis (x axis) and target position distance
exaggerated. N.B. Distances are not to scale and are for illustrative purposes only.
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2.2.1.1 Addressing the role of the trunk in multi-directional, multi-distance
reaching
To determine the robust nature of trunk muscle activation during movement
preparation (i.e. Study 1 and 2), a custom-built semicircular array of 13 physical light
targets (diameter = 25 mm; interval = 15°; model 459512, RP Electronics, Burnaby,
BC, Can.) was utilised (Figure 2.1). The 0° was situated at the most lateral target
position on the right-hand side; with the 90° aligned perpendicular to the participant
and 180° target marking the most lateral left sided position. This provided a number
of choices for producing ipsi-lateral (0°-75°) and contra-lateral (105°-180°) wholebody reaching movements. Both target height and distances for each individual target
could be adjusted and were standardised across participants. Target height was
maintained at the level of the acromion process of the right shoulder of the reaching
arm, while target distance was based on the length of the reaching arm. This was
determined as the distance between the xiphoid process of the sternum to the tip of
the reaching index finger when the arm was outstretched and in neutral scapular
retraction. Target distances were then placed at 70%, 100% or 130% of the
participants’ total reach distance depending on the specific aim being addressed.
Customised LabView (Version 8.2, National Instruments, Austin, TX.) scripts were
responsible for randomising light initiation. Two force plates, centred within the array
(Figure 2.1; white/grey square), collected forces and moments in the antero-posterior
(y), medio-lateral (x) and vertical (z) axes at 1,000 Hz while two 8-channel surface
EMG (sEMG) systems (Bagnoli, DelSys, Boston, MA) collected muscle activity at
1,000 Hz. Due to variations in the descriptions of electrode placements for trunk
muscles, initial cadaveric investigations were undertaken to determine choice of trunk
musculature and their suitable electrode positioning. Methods relating to this work
are described in detail in the next section (see Section 2.3). 10 infrared motion
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capture cameras (Bonita B3, Vicon, Oxford, U.K.) collected whole-body kinematics
at 200 Hz. The “PlugIn Gait®” (Vicon, Oxford, U.K.) marker set used consisted of
39 markers representing 13 segments, including the future axial segments of interest
(i.e. head, trunk and pelvis). The reaching index finger was used for measures of
reaching initiation and movement outcomes (see Section 2.2.3). Analog signals from
force plates and EMG, both collected at 1,000 Hz, underwent analog-to-digital
conversion (SCB-68 ADC, National Instruments, Austin, TX.) with analog (EMG;
forces) and digital (motion capture) data streams collected simultaneously (MX
Giganet controller, Vicon, Oxford, U.K.). Acquisition onset was synchronised with
the light array through a mutual trigger switch (model 459512, RP Electronics,
Burnaby, BC, Can.). Relevant filtering (kinematics: 2nd order Butterworth high-pass
35 Hz, low-pass 20Hz; EMG: 2nd order Butterworth, high-pass 35 Hz, low-pass 100
Hz for visualisation, 6 Hz for analysis in Chapter 4) and analyses were undertaken
offline in the MATLAB environment (Version R2013b, MathWorks, Natick, MA)
using customised scripts and functions.
As forces and centre of pressure (CoP) mechanics have been extensively
analysed within this paradigm previously (see Leonard et al., 2009; 2011), no
quantitative analysis of these measures were conducted within the current
experiments. Instead, data was used to visually inspect that quiet stance was
maintained prior to light stimulus onset (such that vertical forces did not show large
deviations during the initiation of data collection and that CoP position did not stray
beyond the boundaries of the base of support immediately following light stimulus
onset for each recorded trial).
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All protocols for Study 1 and 2 were approved by the institutional ethics board
(HREC approval: HE13/188, Appendix A) and conducted at the Neural Control of
Movement Laboratory within the Illawarra Health and Medical Research Institute,
University of Wollongong.
2.2.1.2 Addressing the role of postural constraints on visuomotor and wholebody coordination
The influence of posture on movement generation (i.e. Study 3 and 4) required
a different design to ensure that postural elements of the task were emphasised and to
better investigate simple visuomotor interactions of the eye and head. Five visual
targets (diameter = ~100mm, or ~3°), spaced at 23° and 38° intervals were frontprojected onto a blank screen. Participants were placed well in front of the targets and
into one of four starting postural configurations. This included a seated posture (SIT),
as well as three standing conditions; in natural stance (STAND), with the feet
together (NARROW), or balanced upon a beam (BEAM; see Figure 2.2 for an
example). Similar to Study 1 and 2, target distances were measured as 130% of the
participant total reaching distance. However, the visual targets were aligned at eyelevel instead of the acromion process. As the postural components of the task were
central to the research question, the distance was not demarcated by a physical target.
Instead, movements were made to a remembered (and practiced) position in space
(Figure 2.2; dotted circles). An 8-camera motion capture system (Bonita B3, Vicon,
Oxford, U.K.) recorded whole body kinematics as described in Section 2.2.1.1.
Changes

in

horizontal

eye

position

were

recorded

using

a

wireless

electrooculography (EOG) system sampling at 1,000 Hz (BlueGain, Cambridge
Research Systems, U.K.) and filtered using a 5th order Savitky-Golay smoothing
function that retained key temporal and magnitude measures (e.g. eye onset and peak
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eye velocity) similar to that of a 50 Hz low-pass Butterworth filter (Gribble et al.,
2002).
Surface electromyography (MA-300, Motion Lab Systems, Baton Rouge, LA)
for representative muscles of the lower limb (tibialis anterior, TibAnt; soleus,
Soleus), trunk (combined internal oblique and transversus abdominis, IOTrA; lumbar
multifidus, Mult) and neck (sternocleidomastoid, SCM) were recorded bilaterally and
collected at 1,000 Hz. Data streams including kinematics, EMG and visual cueing
(i.e. light onset) were synchronised within the LabVIEW environment (Version 2014,
National Instruments, Austin, TX.). Briefly, a 5V pulse generated ~2,000 ms after
analog signal collection, concurrently initiated the visual cue onset (i.e. target),
providing a 5V signal to the EOG recording system and illuminating an infrared light
within the motion capture space for a period of 100 ms. Filtering of both kinematic
and EMG signals followed procedures undertaken in Chapter 3. Analyses were
conducted using custom built scripts and functions in the MATLAB environment
(Version R2013b, MathWorks, Natick, MA).
Protocols pertaining to Study 3 and 4 were conducted under the supervision of
Dr. Mark Hollands at the Research Institute for Sport and Exercise Sciences at
Liverpool John Moores University, from which institutional ethical approval was
granted (UREC approval: 14/SPS/021, Appendix B)
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Figure 2.2 Schema of experimental set-up used in Study 3 and 4. Similar conventions
to Figure 2.1 have been used for an example of reaching during the BEAM condition.
Of notable difference between the two set-ups is the use of far-space visual light
targets. Once illuminated (e.g. centre light), reaching occurred to a remembered
position in space (circle, dotted) 130% of total arm length away and aligned with the
respective visual cue. N.B. Distances are not to scale and are for illustrative purposes
only.
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2.2.2

Behavioural Task
While the use of reaching as a general paradigm to elucidate mechanisms of

postural control has been discussed (see Section 1.2.3 and Section 2.1), specifics
relating to the task are provided here.
A naturally paced point-to-point reaching task was chosen to best reflect a
typical scenario for movement generation. The task studied was adapted from
previous work analysing lower limb postural adjustments during whole body reaching
(Leonard et al., 2009). In Study 3 and 4, this was modified to incorporate aspects
aimed at investigating postural configuration during reaching (Hua et al., 2013) and
visuomotor control in whole-body turning (Hollands et al., 2002; Scotto Di Cesare et
al., 2015).
To begin, participants adopted the starting posture shown in green in Figures
2.1 and 2.2. The reaching finger was placed upon the sternum (black square; Figure
2.1) with the left arm in a relaxed position by the side of the body. Visual inspection
of the centre of pressure position and foot markers within the Vicon Plugin Gait
model was used to ensure that quiet stance was maintained in the period preceding
light stimulus onset. This was further confirmed during data analysis to ensure there
were no significant observable deviations in baseline forces, EMG and EOG signals
prior to light stimulus onset (Leonard et al., 2009). Once quiet stance was maintained,
either a physical (Figure 2.1) or visual target (Figure2.2) was illuminated. Participants
then made a discrete reaching movement (often with a stereotyped finger trajectory;
e.g. double arrows; Figures 2.1 and 2.2) towards the respective target. Once the target
position was attained, participants were instructed to maintain their final posture until
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the light extinguished (red figurine; Figure 2.1). No other explicit instructions
regarding the movement (e.g. movement or trajectory constraints) were given.
As Study 3 and 4 aimed to assess changes in the contribution of balance to
whole body movement patterns during reaching, two specific alterations were made to
the behavioural task. Firstly, the starting positions mentioned in the previous section
(i.e. SIT; STAND; NARROW; BEAM) were investigated. These postures were used
in order to vary the available base of support (BoS) in both the antero-posterior (e.g.
SIT; BEAM) and medio-lateral planes (e.g. NARROW). Also, to further stress the
balance component for successful target attainment, participants were required to
make reaching movements to a remembered position in space (Figure 2.2; circle,
dotted) analogous to the distance of physical target positions described for Study 1
and 2. It is important to note that while the physical targets were not capable of
supporting the participant’s entire body weight in Study 1 and 2, the simple presence
of a target (and accompanying knowledge surrounding the availability of future
sensory information) had the potential to influence movement preparation strategies
(Clapp and Wing, 1999; Jeka, 1997; Slijper and Latash, 2000).
Additionally, to assess the influence of movement on visuomotor control, a
second task was incorporated into Study 4. For the four postural configurations of
interest, participants were also required to make point-to-point gaze relocations. The
task instruction to ‘LOOK’ or ‘REACH’ was delivered upon attaining quiet baseline
analog signals.
2.2.3

Data Analysis
Movement initiation and termination were determined by kinematic events of

the end effector, or reaching finger. Depending on the need to align kinematic onsets
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(e.g. for Study 4), either a 3% or 5% peak tangential velocity threshold was chosen as
they have previously been identified as a robust measure of movement initiation
(Sainburg and Schaefer, 2004; Shabbott and Sainburg, 2009). Coordination of muscle
activity in the 250 ms preceding movement initiation was the primary focus of
investigation for Study 1, 2 and 3. Examining activation levels across direction
allowed for the grouping of similarly active muscles and the construction of spatial
tuning curves. This was extended within the analysis of Study 2, whereby
spatiotemporal regularities in preparatory muscle activity were quantified over
direction and reaching distance using non-negative matrix factorisation (NMF), a
data-reducing technique, in an effort to highlight neuro-muscular control mechanisms
that the CNS may implement to simplify motor control.
Study 3 and 4 emphasised the same behavioural task under increased postural
constraints (see Section 2.2.2) with finger kinematics and muscle activity assessed
similar to the above descriptions for Study 1. For visuomotor variables, initiation of
horizontal eye movements (or saccades) and head rotations were determined using
velocity criteria that aimed to align across all segments. Saccade onsets were
calculated using an angular velocity threshold of the converted EOG signal of 30°/s
(Daye et al., 2014; Pélisson et al., 2001). These were compared to other absolute
velocity (e.g. 20°/s), relative (to peak) velocity (e.g. 3% and 5% peak saccade
velocity) and relative (to peak) acceleration (e.g. 50% peak saccade acceleration)
measures with minimal variation in onset detection. A similar approach was
undertaken to determine head onsets (e.g. absolute velocity: 8°/s, 15°/s; relative
velocity: 3%, 5% peak head angular velocity; absolute acceleration: 200°/s2; relative
acceleration: 50% peak head angular acceleration) with the conservative absolute
threshold of 15°/s being adopted (Daye et al., 2014). All other measures tended to
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underestimate head onset. This was confirmed by a lack of counter-rotation of the eye
within the orbit (visualised via the EOG signal).

2.3

Cadaveric

investigation

to

determine

optimal

surface

electromyographic placement for muscles of the trunk
2.3.1

Rationale
Despite concerted attempts to produce standardised surface electromyography

(sEMG) placement sites (Hermens et al., 2000; Merletti and Hermens, 2000) and the
importance of anatomical structure for the efficacy of recording sEMG signals
(Merletti et al., 2001), descriptions of placement positions remain quite varied within
the literature. This is especially true for muscles of the trunk where current
methodology regarding the placement of sEMG changes over a variety of static and
dynamic tasks (Ng et al., 1998; Hermens et al., 2000; Swinnen et al., 2012). When
sEMG placement has been considered for gait, for example, the lack of congruency
between methods is notable (Swinnen et al., 2012). There is an absence of distinction
between muscles known to differ functionally, in situ and in vivo (Oatis, 2009), and a
limitation in the number of muscles studied, with a lack of focus on trunk-specific
muscle activity (Swinnen et al., 2012). Such obstacles make it problematic to
delineate neural organisation and motor control as the primary research objective.
Due to the varying reports on electrode placement for muscles of the trunk during
behavioural tasks such as reaching, it was determined that an anatomical investigation
of previously reported placement sites was required. This was to ensure an
appropriate selection of relevant trunk musculature that could accurately characterise
future measures of preparatory muscle activity during a whole-body reaching
movement.
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Prior to the work undertaken in Chapter 3, superficial cadaveric dissections of
the anterior and posterior sections of the trunk segment were conducted to ascertain
the most acceptable positioning for existing sEMG electrodes. Electrode placement
details available for trunk musculature within the functional reaching literature (see
Appendix C) was combined with a recent compilation of sEMG placement sites
reported for trunk musculature during gait (for information see Table 2, p. 4-5 and
Table 4, p. 8-9 of, Swinnen et al., 2012) and the Surface ElectroMyoGraphy for the
Non-Invasive Assessment of Muscles (SENIAM) guidelines (Hermens et al., 2000).
Placement sites were then ‘mapped’ on to cadaveric specimens for qualitative
assessment of their reproducibility and appropriateness for sEMG determination.
Placement occurrence, fibre direction discrepancies, inter-specimen variability of
position and proximity to adjacent musculature were taken into account as these
variables are known to erroneously affect the reproducibility of sEMG results or the
signal itself.
2.3.2

Methods

2.3.2.1 Cadaveric Selection
Seven cadaveric specimens with complete, undisrupted attachments sites for
muscles of the trunk segment were selected from a list of research-approved
specimens (HREC approval: HE12/121, see Appendix D). Specimens were excluded
from examination if they had been embalmed in an abnormal trunk posture (i.e.
excessive rotation), had any history of surgery that may have disrupted trunk muscle
function in vivo, or prior history of back pathologies, as these may change movement
patterns and thus alter the muscle architecture of the trunk. Therefore, final
determination of sEMG placement was conducted on a total of five specimens where
cause of death was limited to cardio-respiratory complications (see Table 2.1).
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2.3.2.2 Surface EMG electrode pinning
Reference lines, distances, and fibre direction were recorded as per Ng et al.
(1998). Briefly, palpable landmarks (Figure 2.3) were used to create a reference grid
on both the anterior and posterior surfaces for accurate marking of sEMG electrode
positions. To ensure reproducibility, only positions with sufficient detail for accurate
placement were utilised in this study. This included the identification of palpable
bony landmarks and finite measurable distances from them, with all assessments
conducted by the same primary investigator.
Table 2.1 General characteristics and anthropometric measures for the cadaveric
specimens used within this study
Cadaver

Gender

1

Male

Age at Death
(years)
72

Cause of Death

2-D Thoracic Dimensions
(ACJ:ACJ x ACJ:ASIS)
260 x 450 (0.57)

2

Male

82

Stage IV Lung cancer,
Respiratory Failure
Hypostatic Pneumonia

3

Male

84

Type II Respiratory Failure

279 x 515 (0.54)

4

Female

91

208 x 493 (0.42)

5

Female

88

Stroke, Cerebrovascular
accident
Cardiorespiratory Failure

284 x 444 (0.63)

295 x 509 (0.58)

N.B Due to the nature of cadaveric work, the average age of specimens was greater than those
used in the future experimental studies. However, based on our exclusion criteria we
anticipated that gross structure (and therefore relative optimal EMG locations) would not be
impacted by age.

For example, for the erector spinae group, “longitudinally over muscle belly at
L3 and T12 level” (Swinnen et al., 2012 citing: Vogt et al., 2003) does not contain
reproducible position information while “4 cm lateral to the midline at the level of the
L2 spinous process” (Swinnen et al., 2012 citing: Saunders et al., 2004) can be better
and more accurately represented. Table 3.2 summarises the collection of unique and
reproducible positioning descriptions that were pinned unilaterally onto each
cadaveric specimen. Dial vernier calipers (Mitutoyo, Japan) accurate to 0.02mm were
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used to measure distances (in triplicate) from palpable landmarks to electrode
positions.
2.3.2.3 Classical dissection and measures
All classical dissection was performed by the primary investigator. The outer
layer of skin, subcutaneous fat and fascia were removed except for a 1 cm by 1 cm
square around each pin. This exposed the superficial layers of muscle responsible for
trunk motion whilst allowing careful dissection of the area surrounding the pin. When
only the pin was left for visual inspection, qualitative observation determined whether
the position related to the appropriate musculature. Digital photographs (500D SLR,
Canon, Aus.) were taken for further reference and confirmed that reference and
electrode pins did not move during the dissection process. Non-absorbent silk string
was attached to pins representing sEMG electrode pairs (separated by an interelectrode distance) to qualitatively assess the agreement of position with respect to
muscle fibre direction.
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Figure 2.3 Schema of reference grid in the anterior (a) and posterior view (b).
Vertical and horizontal references lines were made using palpable landmarks from
which fibre direction and sEMG electrode placement direction (see colour) could be
determined as per Ng et al. (1998).
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Table 2.2 Collection of surface EMG descriptions used within the current
experimental design
MUSCLE

SUBTYPE

PLACEMENT SITE

Back

Erector Spinae Group
►
►
►
►
►
►
►
►
►

1 cm lateral to level of the T12 - L1 interspace
2 cm lateral to L2 Spinous Process
3 cm lateral to L2 Spinous Process
3 cm lateral to L3 Spinous Process
5 cm lateral to L3 Spinous Process
1 cm lateral to L4 Spinous Process
1 cm lateral to L4 - 5 interspace Spinous Process
2 cm lateral to L4 - 5 interspace Spinous Process
1 cm lateral to L5 Spinous Process

Iliocostalis Lumborum (pars thoracis)
►

level of L2 in line with PSIS# and lateral border of 12th rib

►

2cm lateral to level of L5 between PSIS# and L1 - 2 interspace

Multifidus

Abdominal Rectus Abdominis
►
►
►
►
►
►

3 cm lateral to umbilicus
midway between umbilicus and pubic symphysis near midline
on the ASIS* - ASIS* line in caudo-medial direction near midline
3 cm superior, 2 cm lateral to midline from the umbilicus
1 cm superior, 2 cm lateral to midline from umbilicus
8 cm from midline at the level of the umbilicus

External Oblique
►

2 cm medial to ASIS*, aligned with umbilicus (approx.. 12 - 15
cm from umbilicus)

►

1 cm below the inferior costal margin, in line with the contralateral pubic tubercle

Internal Oblique
►

12 cm lateral to the umbilicus

►

15 cm lateral to the umbilicus, 2 cm superior to the inguinal lig.
with electrodes aligned transverse to the trunk

w/ Transverse Abdominis
►

2 cm medial and 1 cm inferior to the ASIS*, aligned parallel to the
inguinal ligament

* ASIS – Anterior Superior Illiac Spine
# PSIS – Posterior Superior Illiac Spine
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2.3.3

Recommendations for sEMG trunk muscle placement
Figures 2.4 and 2.5 provide examples of the discrepancies between various

placement positions for a number of anterior (Figure 2.4) and posterior (Figure 2.5)
muscles of the trunk. The reference grid (black; Figures 2.4 and 2.5) provided an
indication of the consistency of positions for a particular electrode description across
specimens.

Figure 2.4 Representation of sEMG positions on the anterior section of the trunk for a
cadaveric specimen at various levels of dissection. Red pins demarcated the
anatomical points of interest from the reference grid described in Figure 2.2. Pins
were colour-coded according to muscles of interest. N.B. File is large (~500Mb)
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For clarity, each pinned placement pair (the interval between being the interelectrode distance) was highlighted with colour for each muscle (see legend; Figures
2.4 and 2.5) and assisted in comparing their relationship to the visible fibre direction
at that muscle region.

Figure 2.5 Representation of sEMG positions on the posterior section of the trunk for
a cadaveric specimen at various levels of dissection. Red pins demarcated the
anatomical points of interest from the reference grid described in Figure 2.2. Pins
were colour-coded according to muscles of interest. N.B. File is large (~350Mb)
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This becomes important as muscle architecture (e.g. fibre direction) is known
to differ for regions of abdominal and paraspinal muscles (Urquhart et al., 2005c). A
number of sites (e.g. see rectus abdominis, green - Figure 2.4 and lumbar erector
spinae, red - Figure 2.5) shared similar properties and often overlapped despite having
different descriptions. When compared across specimens, descriptions with absolute
measures tended to show greater variability than measures using relative distances
between landmarks. Relative descriptions, more often, made reference to more than
one anatomical landmark and accounted well for fibre direction. This can be seen in
the example of the external oblique, whereby the explanation without reference to the
angle was often poorly represented. The use of correct muscle nomenclature also
became a key feature in choosing placement positions. Many measures for the lumbar
erector spinae group crossed between muscle fibres of the longissimus and spinalis
segments, depending on the absolute size of the trunk segment.
Based on consistency in placement, good agreement with fibre direction and
appropriate naming conventions, descriptions for seven trunk muscles were selected
for the primary purpose of standardising surface EMG placement for the trunk during
reaching. Final position descriptions can be found in Section 3.8.2 of this manuscript.
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Chapter 3:
Trunk muscles contribute as functional
groups to directionality of reaching during stance
Reprinted from Experimental Brain Research; Stamenkovic A & Stapley PJ.
(2016) Trunk muscles contribute to directionality of reaching during stance 234(4):
1119 - 1132
Available at:
http://link.springer.com/article/10.1007/s00221-015-4536-x

3.1

Background
Chapter 4 includes the published outcomes of the first experimental study of this

dissertation. This study was designed to address Specific Aim 1 (SA1 - see Section 1.7)
in characterising the spatial aspects of trunk muscle activity during whole-body
reaching movements.

3.2

Rationale
Based on the mechanics of whole-body reaching movements (requiring rotation

and active integration of the trunk) this research follows on from lower limb analyses of
predictive postural adjustments of the lower limb to determine if: similar predictive
mechanisms act on the axial musculature, and whether such preparatory muscle activity
follows functional patterns of recruitment. The composition of muscles recruited in a
similar spatial arrangement may reinforce prior assumptions of CNS organisation and
the functional role of higher-order neural control in coordinating posture and movement
of the trunk segment (Ting and McKay, 2007).
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3.3

Main Findings
The results of Chapter 3 confirmed that muscle activity for a comprehensive set

of trunk muscles preceded finger movement onset during a whole-body reaching task.
Moreover, this activity was spatially tuned to the direction required for goal-attainment,
rather than to oppose reaction moments (or torques) produced by the reaching arm. This
confirmed the hypothesis set out in H1-i (see Section 1.7). Additional information
regarding the initial promotion of movement of the centre of mass towards the target
provided support to the functional role of preparatory trunk muscle activity.
Observations of similar spatial tuning across reaching amplitudes suggests that such
activity continues even when explicit trunk movement is not required to reach the target
(and therefore not a simple expression of motor equivalence).

3.4

Author Contributions
A Stamenkovic performed the experiments, acquired and analysed the data, and

wrote the first draft of the manuscript, which all authors reviewed and approved for
publication. S Bos, J Walsh and S Jimenez provided technical assistance during portions
of the data collection procedures and are noted within the acknowledgements section of
this manuscript. J Fay produced the hand-drawn anatomical illustration that is the basis
of Figure 3.1 and is noted within the Acknowledgements section of this manuscript. P
Stapley, as primary supervisor, provided the necessary equipment and guidance through
all phases of the development and execution of the experimental design, and subsequent
construction of the final version of this manuscript.
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3.6

Abstract
Muscle activity preceding the onset of voluntary movement has been shown to

reduce centre of mass (CoM) displacement and stabilise the body during self-induced
‘perturbations.’ However, based on recent findings in the lower limb, where preparatory
muscle activity creates the dynamics necessary for the initiation of movement, this
study sought to investigate whether trunk musculature acted consistently to minimise
the displacement of the CoM, or in contrast, contribute to the movement. Whilst
standing, nine healthy participants made single step (point-to-point) reaching
movements to 13 visual targets throughout a 180° range (target interval = 15°). Fullbody kinematics and electromyographic activity from ‘focal’ arm and ‘postural’ trunk
muscles were analysed for a preparatory phase of 250 ms preceding movement onset
(termed pPA). Akin to lower limb findings, direction-specific patterns of anticipatory
trunk muscle activity accompanied the onset of rotational kinematics and CoM
acceleration in the direction of the desired target. When arranged in terms of peak
activation, we found functionally relevant groupings aligned to either ipsi-, central and
contra-lateral reaching directions. Contrary to traditional approaches, which focus on
centre of mass stabilisation, this spatial recruitment was in favour of assisting initiation
of movement. Such activity suggests that the central nervous system may rely on
synergic patterns of muscle activation within an undistinguishable and shared
focal/postural motor command for functional voluntary movements.

3.7

Introduction
Goal-directed reaching when standing requires the coordination of voluntary

movement and the maintenance of posture, as the final goal of the movement can be at
the limits, or beyond the safety of the base of support. Many studies have shown that
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muscles not associated with the primary goal of moving the arm, precede the initiation
of a voluntary movement (Belen’kii et al., 1967; Bouisset and Zattara, 1981, 1987;
Zattara and Bouisset, 1988; Crenna and Frigo, 1991; Massion, 1992; Aruin and Latash,
1995a; Stapley et al., 1998; Hodges et al., 1999; Commissaris et al., 2001). The general
consensus has been that this preparatory muscle activity (commonly termed anticipatory
postural adjustments, or APAs) creates the dynamics necessary to counteract the
internally produced inertial characteristics of the upcoming movement (Bouisset and
Zattara, 1981, 1987; Massion, 1992; Hodges et al., 1999). This has been attributed to
the need to control key variables, such as the position of the centre of mass (CoM), to
ensure and prioritise overall stability of the body (Bouisset and Zattara, 1981; Massion,
1992; Hodges et al., 1999; Stapley et al., 1999).
Evidence supporting the role of APAs in posture and movement coordination has
largely been acquired through experiments studying uni- or bi-lateral movements of the
upper or lower limbs (Crenna and Frigo, 1991; Eng et al., 1992; Hodges and
Richardson, 1997a, 1997b; Hodges et al., 1999, 2000, 2001; Mochizuki et al., 2004;
Caronni et al., 2013). Often, muscle activity is characterised for movement along
distinct orthogonal planes, a common example being that of the triceps surae/tibialis
anterior pairing around the ankle joint during antero-posterior movement. Crenna and
Frigo (1991) identified that this stereotypical muscle pattern was related to a common
biomechanical output, that is, a backward shift of the centre of pressure (CoP),
occurring before a range of voluntary actions. From these initial findings, a traditional
approach to characterising the role of APAs has been to focus on how the ankle
musculature actively controls the CoP displacement in relation to the CoM
(Commissaris et al., 2001). Feed-forward postural activity of the trunk, however, has
received comparatively less attention, although it has been the focus of a number of
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studies (Oddsson and Thorstensson, 1987; Tyler and Hasan, 1995; Hodges and
Richardson, 1997a, 1997b, 1999; Hodges et al., 1999, 2000, 2001; Allison and Morris,
2008; Allison et al., 2008; Lee et al., 2009; Tsao et al., 2009; Morris et al., 2012, 2013;
Park et al., 2014; Abiko et al., 2015). Considering its absolute size (the trunk comprises
60% total body mass – Winter, 1995), role in supporting and orienting the head (which
contains important sensory organs) and, its multiple functions, including respiration and
providing an attachment site for limb movements, if stability is a priority for the CNS
then trunk muscular activity, may to some extent, reflect this constraint.
Early studies by Bouisset and Zattara (1981, 1987) provided insights into how
trunk muscles complement the APAs produced in the lower limbs. The presence of
anticipatory erector spinae muscle activity during bilateral forward arm-raising
supported the notion of stability, as it counteracted an anteriorly moving CoM. This set
the scene for key trunk-specific studies of APAs whereby experimental and simulated
direction-dependent superficial muscle activity and kinematics were linked to the
opposition of reactive torques from shoulder displacement (Ramos and Stark, 1990;
Hodges and Richardson, 1997a, 1999; Hodges et al., 1999, 2000, 2001; Moseley et al.,
2002; Santos & Aruin, 2008) and, direction-independent activity from deep stabilising
muscles were identified (Hodges and Richardson, 1997a, 1999; Hodges et al., 1999,
2001). However, these studies mainly concentrated on the recording of muscles contralateral to the perturbing limb movement, favouring the identification of a role specific to
countering uni-lateral limb movement on the opposite side. In fact, assumptions that
voluntary movements are responsible for internal torques that disturb balance may even
be questioned in light of biomechanical modelling (Pozzo et al., 2001), as reaction
forces inflicted upon the body CoM have been shown to reverse as the limb decelerates
to the end of its movement. In other words, classic interpretations may not require APA
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involvement if the mechanical properties of the movement are sufficient to stabilise the
CoM. It is plausible to suggest that, through experience, the CNS is aware of the
dynamics of the task before the movement is initiated and, that postural adjustments of
non-focal segments may not be necessary, purely for the countering of reactive force.
Furthermore, simulation of reconstructed trunk muscle activity during seated reaches
has also suggested that recorded EMG activity does not always match that predicted to
ensure stability (Tyler and Hasan, 1995). Further confusing this relationship between
movement outcomes and the traditional rationale of APAs, recent studies with a
bilateral focus on deep trunk musculature have revealed both time-varying and direction
dependent activation patterns in contrast to previous reports (Allison and Morris, 2008;
Allison et al., 2008; Morris et al., 2012, 2013). Such contention allows further
investigation of the role of trunk musculature within posture and movement
coordination.
Previously, our group has shown that APAs of the lower limb preceding whole
body, goal-directed movements can be grouped into functional muscle sets devoted to
the initiation of those movements (Leonard et al., 2009). These findings supported the
adoption of functional muscle synergies by the CNS as a general neural strategy to
control task-level variables such as CoM or CoP position or displacement
(Krishnamoorthy et al., 2003; Ting and Macpherson, 2005; Torres-Oviedo and Ting,
2007; Fautrelle et al., 2010; d’Avella and Lacquaniti, 2013; Delis et al., 2013). In view
of the importance of the trunk as a linking segment between the lower and upper limbs
and its relative inertial characteristics, especially during reaching while standing, we
sought to investigate activation patterns of a robust set of trunk muscles within the
theoretical perspective of initiation of movement or stabilisation of posture. We asked:
1) Is the activity of the trunk muscles preceding the onset of an arm movement devoted
~ 82 ~

consistently to minimising the displacement of the CoM, or in contrast, does that
activity contribute to moving the CoM, and trunk, in the direction of the arm movement,
and 2) What is the composition of the functional muscle groups produced during the
preparatory period of reaching? If a tuning of trunk muscles exists, does it ensure
stabilisation or movement during the preparatory phase? Our results show that, similar
to the preparatory activity within the lower limb (Leonard et al., 2009), superficial trunk
muscles produce activity tuned for movement initiation, rather than being compensatory
for trunk, or CoM displacement.

3.8

Materials and Methods

3.8.1

Participants
Nine (5 male, 4 female) healthy right-hand dominant participants, without any

known neurological, visual, or orthopaedic impairments were recruited from the
university population (mean age: 26.2 ± 6.9 years; mean height: 1.76 ± 0.08 m; mean
weight: 72.8 ± 10 kg). They all gave informed consent to participate and local
institutional ethical approval (HE13/188) was granted in accordance with the
Declaration of Helsinki (1975).
3.8.2

Determination of trunk surface electromyographic (sEMG) placement using
cadaveric specimens
Due to the complexity of trunk muscle morphology (Ng et al., 1998; Urquhart et

al., 2005c), inherent potential for cross-talk from neighbouring muscles and variability
in electrode placement highlighted within other functional tasks (for review, see
Swinnen et al., 2012), 5 cadaveric specimens (3 male, 2 female) were used to evaluate
electrode placement based upon distinct anatomical landmarks and muscle fibre
orientation.
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In the first instance, we reviewed trunk sEMG placement sites from the
following published works within the functional reaching literature: Bouisset and
Zattara, 1981; Fredli et al., 1984; Moore et al., 1992; Hodges and Richardson, 1997a,
1997b, 1999; Hodges et al., 1999, 2000, 2001; Moseley et al., 2002; Marshall and
Murphy, 2003; Gibson and McCarron, 2004; Urquhart et al., 2005a, 2005b, 2005c;
Morris and Allison, 2006; Lee et al., 2009; Fautrelle et al., 2010; Kuo et al., 2010. For
completeness, sites described in a recent review (Swinnen et al., 2012) and the
SENIAM guidelines (Hermans et al., 2000; Merletti et al., 2001) were also included.
Briefly, each placement site was colour-coded and pinned onto the anterior and
posterior sections of 5 intact cadaveric specimens (Ethics approval: HE12/121). Careful
dissection of the skin and subcutaneous adipose tissue layers of the trunk allowed for
visualisation and interpretation of: 1) the accuracy of placement sites for each respective
muscle according to each study, 2) consistency of the placement sites between
specimens and across studies and, 3) conformity of the angles of placement to the
underlying muscle fibres. Sites that were able to aptly satisfy all three of the
aforementioned criteria were considered optimal due to their strong reproducibility.
The information set out within the European standards (Hermans et al., 2000;
Merletti et al., 2001) was often the most consistent despite the plethora of varying
placement data. In fact, half of the descriptions often resulted in an overlapping with
other placement sites, yet were not as consistent across specimens (due to less overall
information in their description). As a result of these procedures, seven trunk muscles
were chosen and recorded bilaterally (see Figure 3.1) from the following sites:
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Figure 3.1 Anterior (a) and posterior (b) representations of electrode placement sites
for the focal (arm) and postural (trunk) musculature following cadaveric investigation
(see Methods). Final placement positions (filled circles) for each respective muscle
(grey shaded area) were determined from a number of easily identifiable superficial
anatomical landmarks (dashed lines). Specific location information for each muscle is
described within the Methods section of this text (see Section 3.8.2).
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rectus abdominis (RAl, RAr), 2 cm superior and 1 cm lateral to the umbilicus; external
oblique (EOl, EOr), 1 cm below the inferior costal margin, in line with the contra-lateral
pubic tubercle; combined internal oblique and transversus abdominis (IOTrAl, IOTrAr),
2 cm medial and 1 cm inferior to the anterior superior iliac spine, aligned parallel to the
inguinal ligament; latissimus dorsi (Latl, Latr), at the level of the 12th thoracic
vertebrae, along a line connecting the posterior axillary fold and the spinous process of
the 2nd sacral vertebrae; lumbar erector spinae (LumESl, LumESr), 3 cm lateral to the
2nd lumbar vertebrae; multifidus (Multl, Multr), 2 cm lateral to the 4th/5th lumbar
vertebral interspace, along a line connecting the 1st lumbar vertebrae and posterior
superior iliac crest; and, gluteus maximus (GMaxl, GMaxr), at half the distance
between the spinous process of the 2nd sacral vertebrae and greater trochanter of the
femur. The anterior (ADelr) and posterior heads (PDelr) of the deltoid muscle of the
right (reaching) arm were also recorded.
3.8.3

Experimental apparatus and set-up
Participants stood barefoot on two tri-axial force plates (FP4550-08, Bertec,

Columbus, OH) that recorded ground reaction forces (GRF) and moments in the mediolateral (x), antero-posterior (y) and vertical (z) axes at a sampling rate of 1,000 Hz.
Force plates were positioned within the centre of a fully adjustable, custom built semicircular array consisting of 13 light targets (see Figure 3.2a and Leonard et al., 2009).
Targets were placed at shoulder height and at 130% of arm’s length. This distance is
known to elicit measureable postural adjustments during reaching without the need to
step (Leonard et al., 2009, 2011; Hua et al., 2013). The muscle activity of 16 muscles of
the trunk and reaching arm (mentioned previously) were recorded using two Bagnoli
eight-channel surface electromyography (sEMG) systems (DelSys, Boston, MA)
sampling at 1,000 Hz.
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Figure 3.2 Apparatus (a) and axial angular conventions (b) used within the current
experimental set-up. a. Participants stood evenly on two force places centered in an
adjustable semi-circular array, which served as the origin of the global laboratory axes.
Light emitting diodes formed targets housed within the array (distance = 130% reaching
length; interval = 15°). They illuminated in a pseudo-randomised order and participants
reached with their dominant (right) arm. Targets were extinguished upon contact. b.
Due to the nature of the reaching task, primary angles measured included rotational and
antero-posterior movements for the axial segments of the head, trunk and pelvis (for full
explanation of angle calculations, see Section 3.8.5).
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Target illumination was controlled using a program written in LabVIEW
(National Instruments, Austin, TX). Three-dimensional kinematics were recorded using
a 10 camera Bonita motion capture system (Vicon, Oxford, U.K) sampling at 200 Hz.
Thirty-nine passive retro-reflective markers were attached to participants’ bodies as in
the Vicon PluginGait models. Kinematic data and analog signals from the force plates,
and sEMG were captured and synchronized using a Vicon Giganet controller (Vicon,
Oxford, U.K.). Data were collected for a total of 3,000 ms.
3.8.4

Experimental procedures
Procedures are described in detail in Leonard et al. (2009). Briefly, participants

stood with feet at their preferred stance width centred within the array. The starting
posture also required the index finger of the right hand be placed on the xiphoid process
(located at the base of the sternum). Data acquisition started when the experimenter was
satisfied that the participant was standing quietly (i.e. stable vertical ground reaction
force traces). After a random period of 500-1,000 ms a single light target illuminated
whereby participants reached and pressed the target with their right index finger whilst
maintaining initial foot position. They returned to the start position when instructed to
do so. Two familiarisation trials per direction were performed before the main
experimental collection period and a total of 15 trials per direction were collected (with
direction randomised). To reduce prediction of an upcoming trial, trials were also
presented in which no light illuminated (n = 15). To prevent central fatigue participants
received 5-minute rest periods between blocks of 50 trials.
3.8.5

Data analysis
All analysis was completed offline using MATLAB (The Mathworks, Natick,

MA). Kinematics were low pass filtered using a second order Butterworth algorithm at
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20 Hz. EMG signals were high-pass filtered at 35 Hz (to remove motion artefact), demeaned, rectified and low-pass filtered at 100 Hz (second order Butterworth) for
visualisation and future construction of spatial tuning curves. A total of 1731/1755 trials
were retained for analysis after removal of trials with corrupted data due to a non-stable
initial posture, where centre of pressure position exceeded the base of support (indicated
by the foot markers within the Vicon Plugin Gait model), or where analog singnals
showed observable deviations that preceded light stimulus onset (Leonard et al., 2009).
Peak velocity of the right finger (rFIN) was used to determine key kinematic
outcomes of movement onset and termination as per the methods of Shabott and
Sainsburg (2009). Onset was determined as the time when the tangential velocity profile
of the rFIN exceeded 3% of its peak velocity for a period of 30 ms. Likewise,
movement termination was identified as the time that the velocity reduced to below the
3% threshold. For each trial a period of 250 ms before movement onset was chosen to
represent the preparatory postural adjustment period (pPA). This 250 ms period was
further divided into five-50 ms epochs, or ‘bins’ (i.e. pPA1 – pPA5), as per the methods
described by Leonard et al. (2009). The activity for each trunk muscle was calculated as
a single value based on the mean activity within each epoch on a trial-by-trial basis. Due
to the variation in gain amongst participants for muscles, sEMG values were then
normalised to the maximum within each epoch for all subjects such that all values lay
between 0 and 1. Values could then be pooled and graphed as muscle tuning curves
(Torres-Oviedo & Ting, 2007; Leonard et al, 2009) to characterise activity over the
array of directions.
To quantify corresponding movement and dynamics resulting from the pPAs,
angular displacements for the axial segments and CoM displacements defined by the
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PluginGait model (Vicon, Oxford, U.K.) were analysed (Figure 3.2b). Head, trunk and
pelvic rotations were calculated from the relative segment Y axes around the vertical or
laboratory Z axis. Head flexion/extension was determined using the difference between
the relative Z axes of the head and trunk respectively while trunk flexion/extension was
quantified between the relative trunk Z axis and laboratory Z axis. Pelvic
anterior/posterior tilt was determined using the relative pelvic Y axis with respect to the
antero-posterior or laboratory Y axis. To corroborate (or refute) kinematic changes with
traditional measures, CoM displacements prior to and proceeding movement onset were
analysed with a repeated-measures one-way ANOVA to examine the effect of reaching
direction.

3.9

Results

3.9.1

Anticipatory trunk muscle activity and angular displacements for principal
directions of reach
Direction-specific patterns of anticipatory trunk muscle activity accompanied the

onset of rotational kinematics and CoM acceleration in the direction of the desired
target. Figure 3.3 shows typical arm and trunk muscle activity for the period
immediately preceding and following the onset of reaching. For directions to the side
ipsi-lateral to the moving arm (0° and 45º), the PDelr and to a lesser extent the Latr
activated with the EOl, RAr and the IOTrAr during the preparatory period. There was
also an inhibition of the IOTrAl. Reaching movements to the centre (90º) and contralaterally to the side of the moving arm (135º, 180º) were characterised by activation of
the arm muscles, ADelr and Latl. This activity was accompanied with that of the
GMaxr, RAl and IOTrAl. Reaching to targets further rightwards also evoked activity in
the EOl and LumESr (e.g. 180º).
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Figure 3.3 Representative surface electromyographic (sEMG) activity (S03) for two
‘focal’ arm, and 14 ‘postural’ trunk muscles over five directions of reaching (0°, 45°,
90°, 135° and 180°). Traces show a period of 500 ms preceding and 250 ms postmovement onset. The shaded area represents the preparatory postural adjustment period
(pPA), which was the focus of the current analysis. Muscle activity within this period
occurring prior to movement onset (black dashed line) is highlighted in bold. From
movement onset, an average delay from light onset (grey dashed, range: 301 ms – 349
ms) has been added for illustrative purposes. Conventions for muscle naming can be
found within the body of the text and abbreviations list.
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Kinematic variables including angular displacements of the head, trunk and
pelvis, as well as whole body CoM acceleration profiles in the medio-lateral (global x
axis) and antero-posterior (global y axis) directions are represented in Figure 3.4.
The most prominent axial movement to take place prior to focal movement onset
of the right finger was head rotation. For right side directions (ipsi-lateral to the moving
arm), the head began to rotate counter-clockwise slightly before the onset of the arm
movement, whilst shifting to clockwise rotation for left sided targets (contra-lateral to
the moving arm). While no head rotation was present for the anteriorly placed 90°
target, a slight clockwise pelvic rotation occurred prior to arm movement onset.
Regardless of direction, angular changes in thoracic rotation, head tilt, trunk
flexion/extension and pelvic tilt did not occur until after movement of the reaching arm.
Acceleration of the CoM was evident during the preparatory period and
consistent with the lateral rather than the anterior component as directions of reaching
deviated from the midline (90°). That is, for the right-side targets, CoM accelerated
laterally to the right, and conversely to the left once movements crossed the midline
(e.g., 135°, 180°).
Figure 3.4 Mean kinematic changes, including angular displacement and centre of mass
(CoM) accelerations for five directions (0°, 45°, 90°, 135° and 180°). Traces are aligned
to the same time frame as shown in Figure 3.3. Due to the magnitude of movement
required for the most laterally placed targets (e.g. 0°/180°); angular displacements have
been aligned to different scales. This can be found in the top left of the respective
direction and angular displacement plot. Angular conventions are illustrated in Figure
3.2b (for further explanation, see Section 3.8.5). CoM acceleration profiles are divided
into their antero-posterior (y axis: dashed line) and medio-lateral (x axis: circle line)
counterparts. Positive (+) values align with global axes highlighted in Figure 3.2a.

~ 92 ~

~ 93 ~

3.9.2

Trunk muscle activity is ‘tuned’ to the direction of reach
Normalised activity of the sampled trunk and arm muscles is represented in

Figure 3.5. The periods of pPA1 and pPA2 generally showed minimal muscle activity
for all muscles over all directions, and as such, we focussed on the final three epochs
(pPA3, pPA4, pPA5), or 150 ms prior to movement.
Focal arm muscles showed peak activation values for ipsi-lateral targets with the
PDelr initially responsible for shoulder movement to targets at the farthest right (0° to
30°) before crossing over to the ADelr after the 45° target and continuing for the
remaining ipsi-lateral targets. Postural muscles including Latr, IOTrAr, LumESr and
GMaxl showed greater activation during similar eccentrically located directions of
reaching to the PDelr, while the RAr began to peak alongside ADelr. As targets moved
beyond the centrally located 90°, crossing the midline of the body to the contra-lateral
side, a different set of postural muscles produced peak activations. RAl, EOr and
GMaxr showed greater activations that remained stable over the remaining left-side
targets while Latl, IOTrAl, and LumESl increased in normalised activity as targets
increased in eccentricity (e.g., 120°-180°). For most bilateral pairs of postural muscles a
similar, yet opposing, pattern of activation was apparent.
A clear example of this activity arises in the linear-type responses in the
IOTrAr/l muscle pair (Figure 3.5: IOTrA, pPA5), with a shifting of peak activity
occurring as reaching crossed the midline (90°). An exception to this was the
asymmetrical activity between the superficial EOr/l muscle pair as the EOl produced a
bimodal response for lateral targets, reducing in peak activity for more central targets.
Activity from the Multr/l pairing showed very little variation from its tonic state across
direction.
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Figure 3.5 Representative tuning
curves (S03) for ‘focal’ arm and
‘postural’ trunk muscles show the
evolution

of

muscle

activity

during the final three phases of the
preparatory postural adjustment
period (pPA 3-5) over all 13
directions of movement. Each 50
ms epoch, or bin, consists of the
collation of normalised activity for
single

trials

(filled

circles),

highlighting inter-trial variability
while the mean response (filled
line) provides evidence of specific
and direction dependent activity.
Muscle naming conventions can
be found within the text and the
abbreviations list.
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3.9.3

Functional groups of superficial trunk muscles contribute to direction of
CoM displacement
Pooled tuning curves of all 9 participants for the final epoch preceding

movement onset (pPA5) are shown in Figure 3.6a. Evidence of the consistency in
muscle activations across all participants allowed muscles to be grouped, signifying
similar contributions to a particular set of reaching directions. A summary of these
contributions presented in relation to the experimental set-up highlighted three
identifiable functional groupings with directional biases. Ipsi-lateral targets (Figure
3.6b; Group I) tended to call upon muscles located on the right side of the body, while
activation of left sided musculature dominated movement to contra-lateral targets
(Figure 3.6b; Group III). Exceptions to this trend arose from the EOr/l and GMaxr
muscles which produced greater activity in the opposite fashion. Central targets
requiring less rotation (Figure 3.6b; Group II) utilised anteriorly located muscles
including the RAr/l pairing and ADelr.

Figure 3.6 Individual muscle tuning curves (a) and combined summary tuning plot (b)
of the muscle activity for the final 50 ms epoch (pPA5) preceding movement onset,
pooled for all experimental subjects (n=9). a. Tuning curves for individual muscles (see
Figure 3.5 for explanation) are aligned into three groups based on the direction of
primary peak activation. ipsi-lateral, central, or, contra-lateral distinctions were made in
relation to the dominant reaching arm (i.e. right-sided reaching). b. Muscles highlighted
with similar spatial activation patterns in a) have been combined together in a polar plot
(representative of the reaching array) to identify potential functional muscle groupings
produced during the preparatory postural adjustment period. Polar plots were
constructed using an average value of normalised activity within and between each
muscle of a group (i.e. within each tuning curve plot and between each muscle present
in a single group) for each of the 13 directions of reaching. Naming conventions can be
found within the text and the abbreviation list.
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Figure 3.7 highlights the displacement of the CoM during the preparatory epochs
depicted for muscle tuning curves (Figure 3.7a-c) and the proceeding 250 ms after arm
movement onset (Figure 3.7d) over all directions. Regardless of where participants were
required to reach, mean displacement was always in the direction of the respective
target (Figure 3.7d). For directions 0°-30°, a clear evolution of the trajectory in the
direction of the target on the side ipsi-lateral to the moving arm was present (Figure
3.7a). For 45° and 105° (and to a lesser extent 90°) targets, there is a slight movement
during pPA3 and pPA4 opposite to the direction of the movement (albeit very small, see
Figure 3.7b). During the same preparatory period, targets 60° and 75° show only
progressive anterior displacement of the CoM. For targets 120° -180°, a clear counter
movement of the CoM in the medio-lateral plane was seen during pPA3 and pPA4,
before trajectories moved in the direction of the target (Figure 3.7c). Despite the
increased counter movement and involvement of different muscle groupings, total
displacement of the CoM was not significantly different between directions (p = 0.172).

3.10

Discussion
The current study was undertaken to investigate if the activity of multiple trunk

muscles was, during the time period immediately preceding the onset of reaching
movements in different directions, consistent with that expected to minimise CoM
displacements. Our findings showed that activation largely occurred in the muscles ipsi(and not contra-) lateral to the side of the impending movement. Therefore, our findings
seem not to align with the traditional view in terms of the role of APAs. Rather, the
direction of the resulting CoM and segmental displacements in relation to the directiondependent trunk muscle activity suggest that a role in task initiation may be more
applicable. Moreover, our results showed that the muscles were functionally grouped to
promote movement instead of strict trunk stability during the preparatory phase.
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Figure 3.7 Evolution of centre of mass (CoM) displacement for ipsi-lateral (a), ipsicentral (b) and contra-lateral (c) directions of reaching during the preparatory phase
(pPA3-5), and continued trajectories 250 ms proceeding movement onset (d). For each
direction (a-c), CoM trajectories (grey) and mean displacement values (open circles)
corresponding to the preparatory epochs pPA3, pPA4 and pPA5 are presented. Filled
lines intersecting at values of preparatory mean displacement are representative of the
variability (one standard deviation) in CoM position for the antero-posterior (y axis) and
medio-lateral (x axis) planes. Linestyles for similar directions of CoM displacement
occurring after movement onset (d) are defined based on previous groups of evolution
(ipsi-lateral: filled; ipsi-central; dashed; contra-lateral; circled).
~ 99 ~

3.10.1

The role of trunk musculature in preparation for reaching during stance
The patterns of trunk muscle activity characterised in the set of 16 muscles

across all 13 directions of movement evolved to follow the desired direction of arm
movement. Many of the bilateral pairs of postural trunk muscles presented with
reciprocal tuning curves, showing peak activity on either side of the target array (see
Figure 3.5). While directional specificity for trunk muscles has already been
demonstrated (Tyler and Hasan, 1995; Hodges et al., 1999, 2000; Allison et al., 2008;
Santos & Aruin, 2008; Morris et al., 2012, 2013), our patterns of peak activation were
in contrast to previously reported findings for postural adjustments prior to voluntary
movements. In fact, a general strategy involving a large proportion of the musculature
on the same side as that of the movement (e.g., see Groups I and III, Figure 3.6b) is
evident, the only deviation from that pattern being the contra-lateral EO and GMax
muscles. From a structural perspective, when these grouped muscles are considered as a
single unit, the anatomy and lines of actions can be linked as functional agonist pairings
for ipsi-lateral rotation, or simply, movement occurring to the same side as the desired
targets. This is an interesting finding as emphasis has previously been placed largely on
the muscle activity contra-lateral to the limb being moved, especially of the IOTrA,
which is often the first to activate (Hodges and Richardson, 1999; Hodges et al., 2000;
Tsao et al., 2011; Massé-Alarie et al., 2012). Such activity has been considered to be
indicative of a strategy used to control trunk orientation (Hodges et al., 1999, 2000)
rather than minimise CoM position (Bouisset and Zattara, 1981; Aruin and Latash,
1995a), as it is accompanied by movement of the trunk that is both prior to, and
occurring in the direction opposite to the expected resultant motion required to produce
the self-induced perturbation.
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Both the aforementioned, trunk orientation and CoM position, have been
implicated as primary controlled variables of the CNS in movement planning. Based on
the lack of preparatory trunk movement (the head was the only segment to show
changes prior to focal movement onset, especially in rotation) it would have been
difficult to delineate if and how orientation was a controlled variable in the current
study. However, the disparity between recorded preparatory trajectories of CoM (Figure
3.7a-c) from traditional approaches for a range of the directions studied may provide
insight into CNS involvement in controlling CoM position. In our study, evolution of
the CoM position preceding focal movement onset highlighted displacement toward the
target rather than in opposition for both ipsi-lateral (right sided) and anteriorly placed
targets. Contra-lateral targets retained a similar anterior component of displacement but
also showed a counter lateral movement of the CoM, moving towards the desired target
at the period of focal movement onset. While this seems to partially affirm traditional
views, counter movement of the CoM may not be related to direct trunk movement (and
thus CoM displacement minimisation) but rather to the shift involved in loading the
contra-lateral limb. Indeed, this has been shown to assist in the production of ground
reaction forces needed to attain the target (Leonard et al., 2009). The current study did
not record lower limb activity; however, based on experimental results using the same
procedures and set-up (Leonard et al., 2009) a hypothesis can be formulated whereby
the contra-lateral lower limb and ipsi-lateral trunk musculature act together to drive the
body towards the goal. If this is the case, the question becomes; what is the priority of
the CNS in voluntary movement during that preparatory phase?
Before an answer to the above can be given, it must be considered that the
specific pattern of muscle activation may simply be a manifestation of the task
constraints (and thus a representation of motor equivalence - Rothwell, 1987). Put
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simply, as the instruction to participants was to conserve a stance configuration when
reaching to targets ‘beyond-reach’, it may have been that the CNS had no choice other
than to produce trunk muscle activity to displace the CoM towards the target. If so,
when presented with target distances ‘within-reach’, the characteristics of the tuning
displayed by the trunk muscles might well be different, reflecting previously mentioned
needs to conserve trunk orientation (Hodges et al., 1999, 2000).
To investigate this, a sub-sample of the original cohort (n=5) conducted
movements that were considered ‘within-reach’, to distances of 70% and 100% arm’s
length (likely requiring only an outstretching of the arm to the target). Due to the
reduced involvement of trunk displacement required to achieve completion of the task
to those two distances, it was thought that activation patterns displayed for the ‘beyondreach’ distance (130%) would show a significant change in their tuning curves in the
opposite direction to only maintain stability and not contribute to the movement of the
arm to the target. However, despite slight variations between subjects, a majority of
activation patterns for within-reaching distances (see Figure 3.8; 70% - black, solid;
100% - black, dashed) concurred with our beyond arm reaching distance (see Figure
3.8; grey, dashed). Greater directional involvement of the RA for anteriorly placedtargets support the increased need for trunk movement to attain these targets (and
therefore may be an example of motor equivalence) yet, surprisingly IOTrA (and to a
lesser extent Lat and EO) continued to show similar tuning regardless of reaching
distance. This is particularly interesting as these deeper muscles are often associated
with motor control theories that propose CoM stabilisation as a mechanism for APAs.

~ 102 ~

Figure 3.8 Muscle tuning
curves for ‘focal’ arm and
‘postural’ trunk muscles of
five participants over three
reaching distances during the
final phase of the preparatory
postural

adjustment

period

(pPA5). Mean responses of
normalised activity provide
evidence

of

consistent

activation patterns for targets
both

within

(70%:

black,

filled; 100%: black, dashed)
and

beyond

(130%:

grey,

dashed) arm reaching distance.
Muscle naming conventions
can be found within the text
and the abbreviation list.
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Therefore, our data comparing 70%, 100% and 130% distances on the whole supports
the notion that trunk muscle activity during multi-directional reaching contributes to the
arm movement itself rather than strictly stabilising the trunk. Therefore, perhaps the
answer to this question concerning the priority of the CNS during the preparatory phase
lies in the different voluntary tasks chosen to study posture and movement coordination.
3.10.2

Does nature of the voluntary task determine preparatory trunk muscle
activity?
Much of the previous work outlining the anticipatory role of the trunk in

voluntary movements has focused on an arm-raising paradigm and the subsequent role
of deep trunk muscles as stabilisers (Hodges et al., 1999, 2000; Moseley et al., 2002;
Lee et al., 2009; Tsao et al., 2009; Massé-Alarie et al., 2012; Morris et al., 2012, 2013;
Abiko et al., 2015; Massé-Alarie et al., 2015). From the spatial and temporally invariant
activation of the deeper muscles (respective to the superficial layers), motor control
theories have been adapted for trunk control during movement. One proposal follows
closely the classical parallel command one put forth by Massion (1992) where a
direction and time-independent postural command runs complementary, yet separately,
to a movement-centric command. In the present study, bilateral recordings of IOTrA
showed no suggestion of time-invariant activity. While we cannot rule out the
separation of motor control demands, it is not the first instance of a deviation from the
proposed theory. In fact, when APAs are compared for upper and lower limb
movements, expected bilateral postural activity from IOTrA diminishes for the latter
(removing the spatial invariance) and instead supports a task-specific strategy of control
(Tokuno et al., 2013; Massé-Alarie et al., 2015). Further research focusing on bilateral
recordings has also shown time-varying changes to occur with direction during arm
raises (Morris et al., 2012, 2013).
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The commonality between these examples is their use of a single limb-raising
paradigm (i.e. arm or leg raise) conducted within a space easily achieved without
movement outside peri-personal space. This is in contrast to the whole body
involvement of the main condition analysed in the current study, requiring an explicit
movement to a distance beyond arm length (130%) but where the CoM remains within
the confines of the base of support. Despite these differences, the role of the trunk in
both scenarios can still be explained by their contrasting muscle activation patterns, and
as such, reflect the specific nature of their respective tasks. Unilateral arm-raises require
the trunk to remain stable and therefore oppose activity from reactive torques produced
by the arm. In our paradigm, it was necessary for the trunk to shift towards a desired
goal, as the targets were placed beyond initial arm reach length (100%). As the task
does not require the CoM to shift outside the base of support offered by stance, it may
be deemed appropriate that postural adjustments just preceding movement initiation
should not be destined to minimise balance perturbations. In fact, an important
distinction may need to be made around the use of a within vs. beyond reach length
paradigm. The addition of a limited data set (n=5, see Figure 3.8) would however, not
support such a distinction for goal-directed movement, as the 70% and 100% conditions
resulted in trunk muscle activity of approximately the same sign. A full analysis of
postural adjustments in both the trunk and the lower limbs during reach movements in
different directions and to different extents (within to beyond reach) is therefore
warranted.
Interestingly, Kaminski (2007) analysed the interactions between joint couples of
the upper and lower extremities, and found that targets within the peri-personal space
required a greater number of movement synergies indicative of a parallel, yet interdependent, focal and postural strategy only for within arm length reaching. Greater
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congruency of the angular changes (as kinematic variance could better be explained by
a combination of less movements, or a coupling of upper/lower extremity displacement
to produce movement) for the beyond arm reach suggests that as reaching distance
increases, the inherent complexity of movement decreases (Kaminski and Simpkins,
2001), aligning with a combined focal/postural command. Also, APAs within trunk
muscles have shown to occur earlier for anterior movements projecting beyond base of
support, with the exception of the LumES muscle. The reduction in extensor activity as
reach distance increases corroborates a movement production rather than stabilisation
strategy (Tyler and Karst, 2004). This, and our present findings, provides increasing
evidence at both a kinematic and inter-muscular level, that task-specific strategies are
employed by the CNS, and that they contribute in a manner reflecting movement
initiation. Whilst speculative, this would suggest that non-focal trunk muscles may stem
from a common motor command.
3.10.3

How do the trunk muscles fit into a model of posture and movement
coordination? Insights into neural control of posture and voluntary
movement
Trunk muscles provide an interesting means of understanding postural and

movement coordination as they are often implicated with bilateral, stabilising activity
derived from anatomically based arguments surrounding their innervation (Holstege,
1998). The descending neural drive of these proximal muscles is often attributed to the
small percentage (15%) of ventral cortico-spinal tract fibres running ipsi-laterally and
known to act in a bilateral manner (Tunstill et al., 2001). This is in contrast to the larger
and fast conducting, lateral cortico-spinal tract responsible for distal, contra-lateral
musculature and especially important in fine hand function. In terms of the organisation
of posture and movement, this study has shown that a subset of 16 muscles appears not
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to stabilise, but acts to participate in the movement linking closely the primary goal (i.e.
target). Previous assertions for a goal-oriented response for the lower limb concur with
this notion (Leonard et al., 2009). As lower limb and trunk muscles seem positively
geared towards the same goal, it supports evidence of a higher integration of posture
and movement (Massion, 1992; Schepens and Drew, 2003), such that shared
postural/voluntary information is coded within same motor command and global
movement plan. Often, the focus has been purely on the lower limb; however, based on
our results we can speculate about synergic control by the CNS (Ting and Macpherson,
2005; Torres-Oviedo and Ting, 2007; d’Avella and Lacquaniti, 2013), and the possible
structures and pathways implicated in the production of feedforward adjustments.
Particularly, the reticulo-spinal tract and associated ponto-medullary reticular formation
have been closely aligned with both descending control of proximal musculature and
the encoding of feedforward APAs (Schepens and Drew, 2003, 2004, 2006; Schepens et
al., 2008).
From a neuro-anatomical perspective, direct cortico-motoneuronal connections
may assist in the formation or emphasis of muscular synergies (Lemon, 2008). While
the cortico-spinal tracts connect onto small numbers of motoneuron pools, reticulospinal connections arborise extensively throughout the spinal cord and can contact many
neuronal pools, with the same fibre known to act on both cervical and lumbar
enlargements (Matsuyama et al., 1999; 2004). If these have been encoded within a
global command, it may be able to exploit functional synergies thought to be present
within lower spinal interneurons (Giszter et al., 1993). Does the reticulo-spinal tract
utilise this connectivity for production of pPAs? Comparisons of feedforward postural
responses of abdominal muscles to voluntary contraction and reflexive acoustic startle
showed that APAs were slightly later in onset than reflexive manoeuvres yet always
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faster than voluntary induced movement, even with increased motoneuron excitability
via respiratory drive and presence of loud stimuli (Tsao et al., 2009). This could indicate
that even fast cortico-spinal pathways are slower than those producing APAs. Whether
this implies the use of wide reaching reticulo-spinal tract to elicit synergies over leg,
trunk and arm is yet to be investigated.
In conclusion, characterisation of muscle activity in the present study supports
the utilisation of muscle synergies, yet greater emphasis on the temporal interactions are
required to clearly parse out muscular synergies within the trunk. How (and where)
these possible feed-forward postural synergies are encoded by the CNS cannot be
delineated from current results but are suggestive of a shared, global command between
focal and non-focal muscles.
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Chapter 4:
Constancy in the modular organisation of
preparatory postural adjustments with increasing reach
amplitude supports a role of movement initiation
Submission in preparation for review at the Journal of Neurophysiology;
Stamenkovic A, Ting L, Stapley PJ. (2018) Constancy in the modular organisation of
preparatory postural adjustments with increasing reach amplitude supports a role of
movement initiation.

4.1

Background
Chapter 4 includes a manuscript in preparation for submission to the Journal of

Neurophysiology’s Call for Papers: Progress in Motor Control and the second
experimental chapter of this dissertation. It comprises an extended analysis of a subset
of participants that undertook multi-directional reaching in Chapter 3. As well as whole
body movements to targets beyond arm’s length (130% of reach length), additional
movements within arm’s reach were also conducted (70% and 100% of reach length).
This allowed for a quantitative comparison of the spatiotemporal aspects of trunk
muscle activity in preparation for movement across contexts that were expected to differ
in their functional roles (either for promotion of movement or stability of posture). This
study was designed to address Specific Aim 2 (SA2 a - see Section 1.7).

4.2

Rationale
Following on from the findings of Chapter 3, where the ‘sign’ of spatial activity

remained similar for trunk muscles across differing distances of reaching (see Figure
3.8), further analyses were conducted to examine how amplitude of movement, and the
contribution of segments to whole-body movement, influenced preparatory trunk
muscle activity. By altering the target distance from the body and the necessary trunk
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motion to reach the target alterations in the interaction between the centre of mass
(CoM) and base of support (BoS) could be assessed. Through the use of data reduction
or decomposition techniques (i.e. non-negative matrix factorisation – NMF), the highdimensional data set of trunk muscle activity in Chapter 3 can be analysed to find
patterns of muscle recruitment with specific spatial and temporal relevance. These
motor modules (or muscles synergies) are thought to leverage the modular structure of
the spinal cord to allow a common signal from the CNS to control and modulate the
extent to which similarly composed muscle groups are recruited for a range of tasks.
While this technique has been used in the examination of coordination during
movement and feedback based responses (i.e. automatic postural responses – APRs),
little has been done to address the feedforward activity present prior to voluntary
movement. Therefore, the current study focussed on identifying motor modules that
comprised activity in the period preceding reaching, and determining whether their
composition/spatial recruitment changed as a function of amplitude or remained
constant.

4.3

Main Findings
The results of Chapter 4 reinforced the notion that, much like feedback scenarios

(such as APRs), shared motor modules could represent reaching movements to goals
within and beyond arm’s reach. Representing spatiotemporal tuning patterns across
direction and their timing within the preparatory phase, activation coefficients for
modules tentatively supported previous findings of trunk muscle activity aimed to
promote CoM displacement towards the target of interest. Considering that these
modules persisted across reaching amplitude, the hypothesis set forth in H2-i was
rejected.
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4.6

Abstract
In coordinating posture and movement during reaching, the central nervous system

(CNS) must produce feedforward-based activity in a number of postural muscles in
anticipation of the perturbation to balance by the arm. However, studies have challenged this
traditional perspective, where anticipatory postural adjustments (APAs) are primed for
stability goals. The context-specific nature of APA production and their timing in relation to
movement support suggestions that the CNS may simplify the coordination of multi-muscle
recruitment through the use of motor modules. Therefore, we investigated whether APAs
could be represented by motor modules that were shared or altered as the biomechanical
constraints of reaching shifted, and reaching amplitude increased away from the body.
Participants performed reaching movements to a number of target directions and amplitudes
while standing as bilateral trunk and reaching arm muscle activity was recorded. Nonnegative Matrix Factorization (NMF) was used to identify motor modules across conditions
of target amplitude that were within or beyond arm’s length. Our results support the notion
that preparatory trunk muscle activity is involved in functional motor modules that can
incorporate ‘focal’ arm muscles during reaching. Further, motor modules present within the
trunk share common features, including their composition and spatial activation profiles
across within and beyond-arm reaching amplitudes. This is despite changes in the
requirements of the trunk for successful movement and the increasing biomechanical
(postural) constraints that accompany increasing reach amplitude away from the body.
Keywords: Non-negative matrix factorization; anticipatory postural adjustments; trunk
muscles; synergies; reach; posture
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4.7

Introduction
When executing goal-directed arm movements during standing, humans must

coordinate the voluntary component of the action (i.e. the arm movement) and the
accompanying postural muscle activity in the trunk and lower limbs. Postural muscle activity
occurring before the onset of the arm movement is considered to be feedforward and
involuntary, with the central nervous system (CNS) able to anticipate the dynamics of the
upcoming movement. The traditional role of this postural activity has been attributed to
counteracting the self-generated disturbance to balance caused by the voluntary arm
movement, thus minimizing center of mass (CoM) displacement (Bouisset and Zattara, 1981;
Horak, 2006; Massion, 1992).
However, studies have also argued that the spatiotemporal patterns of muscle activity
in both the upper and lower limbs prepare and assist (rather than counteract) the desired arm
movement and associated movement of the CoM within the base of support (Fautrelle et al.,
2010; Leonard et al., 2009; Pozzo et al., 2001; Stapley et al., 1998, 1999). Moreover, we have
recently shown that preparatory muscle activity of the trunk acts in a similar directionally
‘tuned’ fashion, promoting the CoM and trunk towards the desired target (Stamenkovic and
Stapley, 2016). Our previous study also suggested that the ‘sign’ of spatial muscle activity of
trunk muscles preceding reaching remains unchanged with reach amplitude across multiple
directions (Stamenkovic and Stapley, 2016). While this characterization adds to the debate
surrounding the role of postural muscle activity prior to movement, it should be noted that the
relationship between muscles was not quantified. Identifying functional muscle groups that
indicate underlying coordination by the CNS are often determined through the analysis of
motor modules (also termed muscle synergies, Tresch et al., 2006; or m-modes,
Krishnamoorthy et al., 2003). Whether the role of predictive postural adjustments
characterized previously in promoting the initiation of focal movement are also reflected in
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the quantification of motor modules, and also revealed across various biomechanical contexts
is yet to be investigated.
The concept of motor modularity has been used to interpret the activation patterns of
multiple muscles during a range of complex voluntary and reflexive postural tasks (reaching:
d’Avella et al., 2006, 2008; d’Avella and Lacquaniti, 2013; Muceli et al., 2010, locomotion:
Chvatal and Ting, 2012; Ivanenko et al., 2004, balance perturbations: Chvatal et al., 2011;
Torres-Oviedo et al., 2006; Torres-Oviedo and Ting, 2007, 2010; for review see, Ting, 2007).
According to this concept, the neuro-muscular system is organised in such a way that a group
of muscles can be called upon with their level of activation being modulated together to
produce various behavioural tasks (Giszter, 2015; Ting et al., 2015). These motor modules
are deduced by identifying spatiotemporal regularities across muscles (Delis et al., 2013) and
are often extracted using data reduction techniques such as principal component analysis,
independent component analysis, or non-negative matrix factorization (NMF) to determine
the variability of a dataset.
When motor modules have been quantified for reaching tasks, they have often
focussed on activity of upper limb muscles during the execution of the focal movement itself
(d’Avella et al., 2006, 2008; Muceli et al., 2010). However, some spatiotemporal aspects of
the reach, such as movement direction and speed are known to influence the functional motor
modules identified. While not expressly explored, these changes begin well before the onset
of movement (d’Avella et al. 2008). Examination of motor modules that incorporate muscles
devoted to the ‘focal’ aspect of the movement (i.e. the arm) and those ensuring postural
stability (i.e. those of the trunk or lower limbs) has identified a tri-phasic pattern of motor
module recruitment (Chiovetto et al. 2010). Of particular note, the initial motor module from
their analysis begins before the onset of movement (Figure. 4c: Chiovetto et al. 2010) and
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remains similar under changes to postural and movement constraints. Therefore, it is
plausible to assume that the CNS modifies motor modules in a predictive fashion, specific to
the upcoming movement. The execution of reaching during stance however, introduces many
more muscles into the complex control of both movement and posture. Do functional
preparatory motor modules during voluntary movements executed in stance include muscles
of the moving arm and other segments, such as the trunk and the lower limbs?
Only one group has focussed on the coordination of muscle activity preceding a
voluntary movement (arm raising paradigm, Klous et al., 2011). Whilst using a different
approach aimed at quantifying the covariation between motor modules on a trial-by-trial basis
(i.e. uncontrolled manifold hypothesis, for review see Latash et al., 2010), they suggested that
the control of the centre of pressure (CoP) may be its defining feature (Klous et al., 2011).
However, to quantify covariation prior to movement, adequate tonic activity in postural
muscles was necessary and induced by a backward leaning position (60% maximal posterior
sway – Klous et al., 2011). Also, the differences in biomechanical consequences between arm
raising and goal-directed reaching tasks may lead to different preparatory strategies (Pozzo et
al., 2001). The existence of functional motor modules between postural and focal muscles,
and how they change across different task conditions in relation to their role in stabilization
or initiation of movement during goal-directed reaching, has not been investigated.
It has also been hypothesized that reaching to positions within or beyond arm’s reach
(peri-, or extra-personal space, respectively) are driven by spatial representations encoded by
separate neural systems within the CNS (Berti and Frassinetti, 2000; Flanders et al., 1999;
Varnava et al., 2002). In addition, it is known that preparatory cortical motor commands
exhibit tuning for a number of spatiotemporal attributes of the reaching movement, including
direction, amplitude (Messier and Kalaska, 2000; Riehle and Requin, 1989) and speed
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(Churchland et al., 2006; 2010). Of equal importance, increasing reach amplitude requires
changes to the timing of activity of postural lower limb and trunk musculature (Tyler and
Karst, 2004), as well as the kinematic characteristics of arm movements, and during stance,
the interaction between the CoM and CoP (Kaminski et al., 1995; Kaminski and Simpkins,
2001). In fact, a ‘kinematic synergy’ has been evoked to describe how the segments of the
body act as one functional unit to ensure smooth posture and movement coordination when
reach amplitude moves beyond arm length (Kaminski, 2007). Indeed, such a kinematic
synergy remains even when arm trajectory is constrained (Berret et al., 2009). This suggests
that separate muscle coordination may be required for near and far reaches, but whether these
stem from similar preparatory commands is unknown.
Therefore, we sought to investigate if: 1) motor modules could be identified between
arm and trunk muscles during goal-directed reaching, and 2) if any identified motor modules
were modified by changing task requirements from within to beyond reach. We envisaged
that based on the increased constraints to balance and underlying necessity for stability as
reach progressed beyond arm’s reach, motor modules (if present) would lead to one of three
outcomes. If the CNS prioritizes movement goals above balance requirements during the
anticipatory period preceding reaching, we predicted that the composition and number of
motor modules would remain consistent across reach amplitudes and would be tuned for
movement progression. Alternatively, the same composition and number of motor modules
may remain across reach amplitude but their activation coefficients altered, suggesting that
the CNS utilises distinct functional motor modules, but recruits such modules depending on
the contextual needs of the task (i.e. spatial tuning of activity for balance and movement
needs may be opposing). Finally, if posture and movement are under separate control,
changes in the number of modules may reflect the division of focal and postural muscle
activity as a function of the increasing need for stability.
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4.8

Methods

4.8.1

Participants
Five (3 male, 2 female) healthy right-hand dominant participants, without any known

neurological, visual, or orthopaedic impairments were recruited for the university student
population (mean age: 28.4 (±8.8) years; mean height: 1.76 (±0.06) m; mean weight 71.6
(±10.1) kg). Participants gave informed consent for all experimental procedures and local
institutional ethical approval (HREC: HE13/188) was granted in accordance with the
Declaration of Helsinki (1975).
4.8.2

Experimental apparatus and set-up
The experimental set up has been described in detail previously (Leonard et al., 2009;

Stamenkovic and Stapley, 2016). Briefly, participants stood within the center of a fully
adjustable, custom built semicircular array consisting of 13 evenly spaced light targets
(diameter: 25 mm; spacing: 15° increments).
Muscle activity for 16 muscles of the trunk and focal (arm) segment were recorded
using two Bagnoli 8-channel surface electromyography (sEMG) systems (Delsys, Boston,
MA.) sampling at 1,000 Hz. The following axial muscles were recorded bilaterally: rectus
abdominis (RAl, RAr), external oblique (EOl, EOr), combined internal oblique and
transversus abdominis (IOTrAl, IOTrAr), lumbar erector spinae (LumESl, LumESr),
multifidus (Multl, Multr), latissimus dorsi (Latl, Latr) and gluteus maximus (GMaxl,
GMaxr). The anterior (ADelr) and posterior heads (PDelr) of the deltoid muscles for the
reaching arm were also recorded. Based on the evidence of spatial tuning characteristics
found during beyond arm reaching (see Figure 3.6b and Figure 6b, Stamenkovic and Stapley,
2016), 14 of the 16 muscles (i.e. excluding GMax) were used for future analysis. Threedimensional kinematics were recorded using a 10-camera Bonita motion capture system
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(Vicon, Oxford, U.K.) sampling at 200 Hz. 39 passive retro-reflective markers were attached
to distinct anatomical landmarks outlined in the Vicon “PlugIn Gait” model. Kinematic data
and analog sEMG signals were captured through a Vicon Giganet controller (Vicon, Oxford,
U.K.) and synchronised with a customised LabVIEW program (ver. 2013, National
Instruments, Austin, TX.) controlling target light illumination using a single trigger switch.
4.8.3

Experimental procedures
Participants assumed a starting posture involving a relaxed and natural standing

position with a preferred mediolateral stance width within the array. The index finger of the
right hand was placed on the xiphoid process (located at the base of the sternum) and
shoulders were aligned perpendicular to the anterior and centrally located 90° target. Array
height was centered at the level of the right acromion process and individual targets were
adjusted to one of three prescribed amplitudes from the body; at the participants total reach
length, measured from the xiphoid process to the tip of the right index finger with the
shoulder in neutral scapular retraction and arm extended (100%, ‘at personal’), within peripersonal space (70% of total reach length, ‘peri-personal’) and, beyond arms reach to extrapersonal space (130% of total reach length, ‘extra-personal’). These particular amplitudes
were chosen for three primary reasons: 1) the bounds for trunk involvement in a visually
guided reaching task has previously been reported to occur at 80-90% of total reach length
(Mark et al., 1997; Robertson and Roby-Brami, 2011), 2) many prior studies of preparatory
trunk muscle activity during arm movements has occurred at 100% of total reach length (i.e.
generally during an arm raising task requiring a single planar shoulder movement – Hodges et
al., 1999; 2000), and 3) the 130% reach amplitude is known to elicit preparatory postural
adjustments in the trunk and lower limb without causing imbalance (Leonard et al., 2009;
Stamenkovic and Stapley, 2016).
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Reaching trials to each reach amplitude were performed in a blocked format. Data
acquisition began once stable stance was visually confirmed (via baseline sEMG and stable
CoM position). A pseudo-randomized time delay (500 – 1,000 ms) preceded illumination of
one of the 13 target lights. Upon illumination, participants reached out and depressed the
illuminated target with their right index finger, maintaining the final position until the end of
data collection. No other instructions were conveyed as to how the movement should be
conducted. A collection period of 3,000 ms was ample to capture all relevant data within each
trial. A block of 2 reaching trials for each direction (n = 26 trials) was performed prior to the
collection period for each target to allow familiarization with the protocol. Overall, 15
repetitions were recorded for each target and amplitude alongside an additional 15 ‘catch’
trials, in which no target was illuminated, ensuring that movement initiation was not preemptive or precede the stimulus give (i.e. light onset). To counteract any fatiguing effects of
the protocol, participants received 5 minute rest periods between blocks of 50 trials and
between each block of reaching amplitudes.
4.8.4

Data pre-processing
All analysis was completed offline using customized Matlab scripts (ver. 2013b; The

Mathworks, Natick, MA). Kinematics were low-pass filtered using a 2nd ordered Butterworth
algorithm at 20 Hz. Raw analog sEMG signals were high-pass filtered at 35 Hz (to remove
motion artefact), de-meaned, rectified and low-pass filtered at 100 Hz (2nd order Butterworth)
for visualization. Movement onset of the reaching task was determined using the bell-shaped
tangential velocity profile of the right index finger. A threshold of 3% of the peak velocity
was chosen, with movement initiation being the first value exceeding, and movement
termination the first value reducing, after the peak (Shabott and Sainburg, 2009). For muscle
activity, a conservative period 250 ms preceding movement onset (termed the preparatory
postural adjustment period, or pPA period) was chosen and divided into five 50 ms epochs
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(i.e. pPA1 – pPA5) to assess the spatial and temporal organization of trunk musculature in
preparing movement initiation.
Mean muscle activity was calculated to produce a single value for every trial
combination within each of the three reaching amplitudes. This resulted in a m x s matrix
consisting of 14 muscles (m) and 975 samples (s), a combination of all time epochs and
reaching directions for every trial (i.e. 975 samples = 5 epochs x 13 directions x 15 trials).
Due to the variation in gain amongst participants for muscles, sEMG values were normalized
based on the maximum EMG elicited across all epochs, directions and trials, such that all
values lay between 0 and 1. Activations were also normalized to unit variance to ensure that
future synergy extraction was not biased by muscles exhibiting high variance, such that the
sum of squares for each row (i.e. muscle) was equal to one (Ting and Chvatal, 2010). To
allow for future comparisons of similarity between motor modules across the different
amplitudes of reach, this unit variance was removed after synergy extraction, and restored to
its original scaling (Chvatal et al., 2011). Pooled values could then be visually represented as
muscle tuning curves over the time epochs to depict the evolution of preparatory postural
adjustments.
4.8.5

Motor module extraction
While a number of techniques are available to reduce high-dimensional data sets

recorded during complex motor behaviours, non-negative matrix factorization (NMF) is a
particularly appealing method for the analysis of muscle activity. From a physiological
perspective, the ‘non negative’ sub-space in which the extracted modules are derived better
reflects the interaction between motoneuronal firing and muscle activation (Ting and Chvatal,
2010).
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NMF has previously been used in a number of tasks to extract motor modules (for
recent and comprehensive reviews, refer to Bizzi and Cheung, 2013; d’Avella and
Lacquaniti, 2013; Giszter, 2015; Latash, 2010; Ting et al., 2015). Based on methods adapted
from Lee and Seung (1999), when a recorded sample of muscle activity (ms) is analyzed, it
may be represented by the linear combination of a number of time-invariant, spatially fixed
motor modules (W) recruited by scaled, time-varying module activation coefficients (ci(t)). If
reflective of a mechanism adopted by the CNS in simplifying motor control, it is expected
that the predicted summation of muscle activity (mpred) should be able to approximate the
original pattern of muscle activity across time (e.g., the pPA period) and condition (reaching
amplitude and direction) such that;
𝑁𝑚𝑜𝑑

𝑚 𝑠 (𝑡) ≅ 𝑚𝑝𝑟𝑒𝑑 (𝑡) = ∑ 𝑐𝑖 (𝑡) × 𝑊𝑖 + 𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙
𝑖=1

where, for each motor module (i), a co-activated group of muscles (Wi) are recruited
through a relative activation coefficient (ci) that determines the contribution of each
component to the overall motor module. Across time and conditions, this coefficient is
understood to be related to the change in neural command modifying the identified motor
module (Torres-Oviedo and Ting, 2010).
As the number of motor modules (Nmod) must be specified prior to extraction,
established criteria were used to determine the fewest selection able to accurately characterize
the data set. As a means of cross-validating the extracted modules, these methods were
applied to the individuated datasets for each reaching amplitude, as well as when all data was
pooled for an individual. After extracting 1 - 14 motor modules for each participant and
reaching amplitude, the goodness-of-fit of each module reconstruction was quantified using a
measure of the variability accounted for (or VAF) within the original data set. While the
~ 121 ~

global measure of VAF (VAFoverall) was required to exceed 90%, to ensure that this was
indicative of relevant features across the entire data set (i.e. reaching direction, pPA period
and trial), local measures including the VAF for each muscle (VAFmuscle), as well as all
muscles within each pPA period (VAFcondition) were also required to satisfy a minimum of
75% VAF. To validate this selection, original VAF values were compared to VAF values
identified from module reconstructions undertaken on a shuffled data set. This shuffled data
set retained the salient features of the original data set (e.g. values, ranges and variances),
with only the relationships between muscles being removed (Ting and Chvatal, 2010; Chvatal
et al., 2011). Data sets were then resampled 500 times using a bootstrapping with
replacement procedure where the VAF was recalculated after each iteration to produce a
distribution of VAF values. Estimations of the 95% confidence intervals (CI) for the original
and shuffled data sets were then compared.
Correlation coefficients were calculated between each extracted muscle synergy
weighting (W) within participants across each reaching amplitude, and across participants for
a particular reaching amplitude. Motor modules were deemed to be similar when correlation
coefficients exceeded the critical value of r > 0.661 (corresponding to a p = 0.01 for 14
muscles). As the number of motor modules extracted for each participant can differ, the
number of shared motor modules was calculated using the following formula; 100 x [nsimilar /
(nmod70% + nmod100% + nmod130% - nsimilar)] (Chvatal and Ting, 2013; Allen et al., 2017).

4.9

Results
A consistent pattern of trunk muscle activity was found to precede movement onset

across various directions and amplitudes of reaching. This is highlighted for a representative
participant in Figure 4.1, where mean muscle activity is shown for five directions of
movement for each reaching amplitude condition. As reaching moved from peri- to extra-
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personal space (compare columns of Figure. 4.1, from left to right), the amplitude of mean
muscle activity was generally higher. Preparatory muscle activity (grey bar, Figure 4.1) was
evident for a number of trunk muscles in the period 250 ms before movement onset. When
activity within this preparatory period was examined, the earliest phases of the period (i.e.
pPA1, pPA2) often showed little directional tuning for any muscle. As such, Figure 4.2
shows the final three epochs (pPA3, pPA4 and pPA5) relating to the 150 ms preceding
movement onset for each amplitude of reach. For the majority of muscles active during the
pPA period, inter-trial variability (denoted by the standard deviation at each reaching
direction) was varied, allowing a rich dataset from which NMF extraction could occur. With
respect to variation in the spatial tuning of muscle activity across different reaching
amplitudes, the most prominent changes were the preparatory period in which activation
initiated, with activity beginning slightly earlier for reaching to extra-personal space (e.g.
black circle, pPA3 - 4, IOTrAr; Figure 4.2). As movement onset neared, qualitative tuning
could be identified in a number of muscles (e.g. pPA5 IOTrAl and LumESl; see Figure 4.2).

Figure 4.1 Mean surface electromyography (sEMG) activity for two arm and 12 trunk
muscles of a representative participant (S03) over five directions (0°, 45°, 90°, 135°, and
180°) for reaching to targets across peri-personal (70%, 100% total reach distance) and extrapersonal space (130% total reach distance). Traces show a period of 500-ms preceding, and
proceeding movement onset. The shaded area represents the preparatory postural adjustment
period, occurring prior to finger movement onset (black solid line), where data pertaining to
the motor module analysis is derived. Conventions for muscle naming can be found within
the body and abbreviation section of this text
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Figure 4.2 Representative muscle
tuning curves (S03) highlighting the
evolution of activation for muscles
of the arm and trunk across the final
three epochs of the preparatory
postural adjustment period (pPA 3 –
5) for reaching to 70% (blue), 100%
(red) and 130% (green) of total
reaching distance. Epochs consist of
mean muscle activity + SD, for 15
trials,

recorded

over

a

50-ms

window for each muscle (filled
circles). Conventions for muscle
naming can be found within the
body and abbreviation section of
this text.
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4.9.1

A robust set of motor modules can reproduce preparatory trunk muscle activity for
reaching
For each participant, trunk motor modules identified through NMF could accurately

reproduce the spatiotemporal regularities of muscle activity recorded over a number of
directions and movement amplitudes. Common motor modules were identified across
reaching amplitudes between each participant, and within participants across reaching
amplitudes (e.g. 70% reaching amplitude).
To better inform the determination of the appropriate number of motor modules to
extract from each condition, conservative measures including both global and local criteria
(see Motor module extraction for details) were applied to datasets of each individuated
reaching amplitude and for a combined dataset of all reaching amplitudes (referred to as
‘POOLED’). The varying goodness of fit measures (i.e. VAF) are highlighted in Figure 4.3
for a representative participant across individual reaching amplitudes. When estimated,
confidence intervals for the originally determined number of motor modules were much
higher than respective values for the shuffled dataset (see Figure 4.3a, red vs. blue). On
average, the lower bound of the VAF confidence interval was 4.89 (± 2.91) above that of the
shuffled VAF but often required the addition of extra synergies to satisfy the local criteria
(75% VAF) for each muscle and condition (e.g. Figure 4.3b ADelr, VAFmuscle). Overall, the
chosen number of motor modules were able to recreate muscle activation patterns, on average
exceeding set criteria and accounting for > 90% VAF regardless of muscle, reaching
amplitude or epoch across all trials (VAFoverall, 95.53 ± 1.67; VAFmuscle, 92.3 ± 1.53;
VAFcondition, 96.20 ± 1.40).
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Figure 4.3 Representative (S03) validation of the number of motor modules required for
future extraction and analysis using both global (a) and local (b) criteria of the variability
accounted for (VAF) during reconstruction. a) 95% confidence limits were estimated for the
reconstruction of the original dataset and compared to limits calculated with a shuffled data
(see Methods). The grey bar shows the number of motor modules identified by all VAF
criteria. b) Local criteria relating to the VAF for each respective muscle over all trials and
under each time condition (i.e. epoch). Additional modules were added until a minimum
threshold of 75% VAF was satisfied for both local conditions.
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When using the individual reaching amplitude data sets, an average of 5.2 motor
modules (range: 3-7) were found that could adequately explain the pattern of muscle activity
across all trials, amplitudes and time epochs (Figure 4.4a). Considering each participant
separately, changes across reaching amplitudes often included either the addition or removal
of a single motor module. When these motor modules were expressed in terms of their
similarity, ~30% (28.15 ± 11.47%) of all motor modules were shared across all reaching
amplitudes (Figure 4.4b). Comparisons made for targets always within arm’s reach (i.e. peripersonal vs. at-personal; Figure 4.4b, 70 - 100%) showed good agreement between motor
modules (86% shared), while this number of shared modules dropped to 57% when atpersonal and extra-personal reaching motor modules were compared (i.e. Figure 4.4b, 100 130%). Amplitude-specific motor modules were present but varied across participants and
was often limited to the addition of a single module (13.44 ± 6.31%; Figure 4.4b, Specific).
Figure 4.4 Total number of motor
modules (a) and percentage of shared
motor modules (b) across reaching
amplitudes.

a.

The

number

of

extracted motor modules did not
change as movements shifted from
within to beyond arm’s length.
Connected circles (grey) represent
the number of motor modules for
each

participant.

participant

(grey

b.

For

each

circle),

the

percentage of shared motor modules
was similar. While the percentage
shared

was

reduced

when

all

conditions were considered (All),
when

subdivided,

similarity was seen.
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much

greater

4.9.2

Validation of shared and specific motor modules
To confirm that the extracted motor modules were indeed reflective of an underlying

modular structure of control, a number of validation procedures were undertaken. Examples
of the respective tuning curves and extracted modules from the pooled and individual
reaching amplitude data sets are shown in Figures 4.5a and b, respectively for a participant
with the highest number of initial motor modules. As seen in Figure 4.2, differing levels of
spatial tuning and inter-trial variability can be seen for each muscle. In contrast to the 7
extracted modules, only 6 were identified when datasets were pooled. For the majority of
modules and reach amplitudes, both weightings and tuning coefficients remained similar.
Interestingly, W4 (Figure 4.5b, grey) was well represented, but primarily for reaching to
extra-personal space (Figure 4.5b, 130%). This is not surprising given that pooling of
conditions can produced biased outcomes (Chvatal and Ting, 2013).
To further validate the efficacy of extracted motor modules, pooled motor modules
were used to reconstruct mean muscle activity from individual reach amplitude datasets.
Figure 4.6 shows the outcome of mean reconstructions produced by pooled motor modules
for individual muscles over each preparatory time epoch for a representative participant.
When this was compared to the original reconstruction from motor modules of the withinreach (70%) amplitude, high agreement was seen for both goodness of fit measures,
representing the magnitude (VAF) and shape (r2) of constructed tuning curves. Similarly,
accurate predictions of both shape and magnitude (mean r2 = 0.66 ± 0.16; mean VAF = 99.35
± 0.56) were present across all participants, regardless of the muscle or epoch examined. In
particular, r2 values increased as movement onset neared and tuning became more prominent
(pPA1: r2 = 0.59 ± 0.15 vs. pPA5: 0.80 ± 0.12) while VAF values remained unchanged
(pPA1: VAF = 99.68 ± 0.16 vs. pPA5: 98.56 ± 0.63). While the predictive power of extracted
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synergies was weaker, individual motor modules were also able to reconstruct muscle activity
across epochs on a single trial basis (Figure 4.7).

Figure 4.5 Representative (S05) tuning curves (a) and extracted motor modules (b) from all
reaching amplitudes separately (70%, 100%, 130%) and combined (POOLED) for validation
of motor module number. a. Clear directional tuning for individual muscles can be seen
across each reaching amplitude (70%: blue; 100%: red; 130%: green). Individual values
(circles) represent a single trial for each direction of reach (x-axis), while variability for each
reaching amplitude condition is denoted by colour-coded bars (1 SD). b. Similarity between
motor module composition (bars) and activation coefficients across the 100 ms prior to reach
(pPA4-5; tuning curves) extracted from both POOLED and individual reaching amplitude
datasets provided validation of previous procedures using VAF (see Figure 4.3). Of note,
POOLED motor module W4 consisted of individual modules W4 and W7 that strongly biased
the 130% reaching amplitude condition (as r > 0.661).
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Figure 4.6 Comparison of individual muscle tuning curves across epochs when reconstructed
by motor modules from an individual reaching amplitude and POOLED dataset. Despite
large inter-trial variability (error bars: 1 SD), reconstructions based on both motor modules
extracted from both individual (solid line) and POOLED (dashed) datasets resulted in good
agreement in fit of both the shape (r2) and magnitude (VAF) of tuning. Each colour represents
the contribution of a single motor module to the final reconstruction. Muscle conventions can
be found within the Abbreviations and Methods sections of the text.
~ 131 ~

Figure 4.7 Comparison of experimentally recorded individual muscle tuning curves across
epochs to reconstruction from motor modules for a single reaching amplitude (130%) over a
single trial. While goodness of fit measures (r2, VAF) were more variable (compared to
reconstruction of mean contributions - see Figure 4.6), extracted motor modules still provided
robust predictive power on a trial-by-trial basis. Each colour represents the contribution of a
single motor module to the final reconstruction. Muscle conventions can be found within the
Abbreviations and Methods sections of the text.
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4.9.3

Comparison of motor modules across reaching amplitudes
Despite differences in the number of extracted motor modules (Wi), the recruitment of

activation coefficients across reaching amplitude and participants revealed similar patterns
(Figure 4.8). Muscles were represented in multiple motor modules, varying in their level of
activity and divided along anatomical regions. For example, motor module W2 generally
included muscles from the left side of the trunk (i.e. contra-lateral RAl, IOTrAl and EOl) to a
much greater extent than right-side muscles (with the exception of the EOr). Comparisons
across reaching amplitudes for each participant (Figure 4.9a) and across participants for a
particular amplitude of reach (Figure 4.9b) confirmed the robust nature of the extracted motor
modules. Within-participant comparisons of motor modules (Figure 4.9a) were better
represented than those between-participants (Figure 4.9b); however, this influence was
primarily attributable to a single participant contributing to ~73% of all dissimilar
comparisons (S05). Due to the similarity in recruitment of activation coefficients across all
participants, it is likely that S05 adopted a different strategy, activating muscles comprised
within different motor modules.
Similar to the experimentally recorded muscle activity (see Figure 4.2, Figure 4.5a),
when weightings of each individual motor module were used to construct muscle tuning
curves, spatiotemporal similarities in activation patterns were present (Figure 4.10). This was
exemplified when comparing the evolution of the preparatory muscle activity for the same
reach amplitude between participants (Figure 4.10a vs. 4.10b), and across amplitudes
between (Figure 4.10a. vs. 4.10c) and within participants (Figure 4.10b vs. 4.10c). The
majority of changes were expressed in the final 150 ms - 100 ms preceding movement
initiation (i.e. pPA3 – pPA4). While variable in appearance (especially in W1, red), motor
modules tended to bias either central (W1, W5), ipsilateral (W3, W6) or contralateral (W2, W7)
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targets in a similar fashion. As amplitude increased, ipsilateral and contralateral motor
modules showed a greater difference in activation as movements neared the centrally located
90° target (e.g. see W2 and W3, pPA5). These changes were consistent across all participants
(Table 4.1).

Figure 4.8 Motor modules extracted from all participants (n = 5) and across each reaching
amplitude (70%, 100%, 130%). Modules are colour-coded based on their similarity in
composition or underlying activation coefficients (not shown). Individual bars represent the
relative weighting of a single muscle to the motor module.
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Figure 4.9 Comparison of similarity (r)
for motor modules shown in Figure 4.8
across reaching amplitudes for each
participant (a) and across participants
within each reaching amplitude (b). a.
28.1% of motor module comparisons
remained

similar

across

different

reaching amplitudes. However, with the
exception of S01, at least one motor
module differed when comparing their
composition

across

reaching

amplitudes. b. When comparing motor
module

composition

between

participants, a greater proportion of
motor modules were found to differ.
For each comparison (circle) within
each motor module (see Figure 4.8 for
colour

scheme)

similarity

was

determined if r > 0.661 (above dashed
line).
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4.10

Discussion
This study began from the premise that changes in stability occur as the amplitude of

reaching is increased away from the body; a greater final endpoint away from the midline of
the body (e.g., reaching in extra-personal space) during standing infers a greater threat to
stability than reaching ‘within-reach’ (peri-personal space). Therefore, if the traditional view
of APAs (or pPAs in the current study) being for stabilization of the body (rather than
creating movement) is followed; the transition from reaching in peri- to extra-personal space
may reveal differences in how functional motor modules are expressed. We made a number
of predictions namely, i) if the CNS prioritizes the initiation of movement over strictly
maintaining balance, the number and composition of motor modules would not change, ii) if
the nature of the task dictates the production of APAs, the CNS may utilize a similar number
of modules, but their spatial recruitment will be altered to satisfy those requirements, or iii)
variation in the number or composition of modules may suggest the need for task-specific
modules, which reflect a shift of priorities from movement to balance as reach amplitude
alters. Our results showed that a number of motor modules were extracted that could
accurately reconstruct original muscle activity across different reaching amplitudes. A
number of these modules could be generalized across reaching amplitudes and while some
modules were not completely shared, the degree to which motor modules were spatially tuned
for recruitment (i.e. their activation coefficients) remained similar. This aligned with our
initial predictions suggesting that the CNS is able to prioritize movement goals above
potential threats to balance prior to the initiation of a voluntary movement.
4.10.1

Similarity of motor modules across reaching amplitudes
Although individual participants showed differences in the total number of motor

modules required for accurate reconstruction of preparatory trunk muscle activity, for each
participant, a similar number of modules were extracted across reaching amplitudes. This was
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despite differences in the evolution of muscle activation during the epochs preceding reach
onset within each reaching condition. For example, motor modules were seen with greater
activation in the earlier phases of movement preparation (pPA3 and pPA4) for the furthest
target amplitude (see Figures 4.2, 4.10a and 4.10b: pPA3 W3 – light green). This would
support the findings of Tyler and Karst, (2004) who demonstrated earlier muscle activity as
reaching amplitude increased, when humans reached during standing.
Also, it is important to note that not all motor modules were shared across the three
reaching amplitudes. While this may suggest that reaching within and beyond arm’s reach
required different strategies and motor planning comprising changes to the overall structure
of modules, a number of findings make this difficult to reconcile. First, dissimilar motor
modules were not limited to a single reaching amplitude and often, they remained similar in
their spatial recruitment. In fact, when modules were subdivided to compare similarity
between single reaching amplitudes (i.e. 70% vs. 100% and 100% vs. 130%) rather than
similarity across all amplitudes, the percentage of shared modules increased substantially.
Comparisons of modules between within-arm reaching amplitudes showed strong agreement
(86%, Figure 4.4b: 70% - 100%), while this persisted to a lesser degree for beyond-arm
reaching (57%, Figure 4.4b: 100% to 130%). This would suggest that the reduced percentage
of shared modules (28%, Figure 4.4b: All) were most likely attributable to subtle changes to
modules occurring on a continuum (as reach amplitude increased), rather than a complete
alteration in their composition.
While not ideal, similar methodology using less conservative thresholds have been
adopted previously to compare modules (where p < 0.05 rather than p < 0.01; Hayes et al.,
2014). If such comparisons were made in the current experiment, only a single module
(Figure 4.8; W7, S05) would have remained different across reaching amplitudes. This same
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threshold would also have reduced the number of dissimilar between-participant comparisons
by 50%, with S05 accounting for the remaining differences. These between-participant
differences for S05 may be related to the greater number of total modules extracted, such that
modules combined in other participants were recruited separately for S05. In fact, the
identification of subject-specific motor modules is thought to highlight the capability of a
motor module to account for the internal dynamics of the system (McKay and Ting, 2008;
Berniker et al., 2009) in creating a unique motor strategy. This may also align with the
addition of task-specific modules seen when tasks bias stability compared to movement. For
example, while a number of similar modules are present between perturbed balance and gait
tasks, accurate reconstruction of stabilizing automatic postural responses (or APRs) was only
possible with the addition of a task-specific motor module related to stability and allowing
posterior movement of the CoM (Chvatal and Ting, 2013). Also, the subjective control of
reaching, such that movement or balance efficiency is prioritized can occur on a participantspecific basis (Hilt et al., 2016). This could be why not all participants showed a uniform
requirement for the inclusion of an additional motor module to cater for a specific amplitude
and function (i.e. stability or movement).
Alternatively, changes in similarity may have arisen due to alterations between
modules that have similar activation profiles. This is especially true for participants with
additional motor modules strongly weighted towards activation of the prime movers (i.e.
Figure 4.8; W5: ADelr, W6: PDelr), which were tuned in a similar fashion to already present
modules (e.g. Figure 4.10b; W5 vs. W1 / W2 and W6 vs. W3 respectively). While relative
changes between these particular modules was not quantified, when present for a participant,
increases in muscle weightings of one module usually corresponded to decreases in the
weighting of those same muscles in the other.
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Figure 4.10 Representative motor modules and respective activation coefficients for each
preparatory epoch compared for beyond arm reaching (a) both between participants (b), and
across reaching amplitudes for a single participant (c). While variations are evident (see W1),
muscle tuning (see activation coefficients) remains qualitatively similar for motor modules
composed of (quantitatively) similar muscle weightings. Modules and activation coefficients
of the same colour represent a portion of those compared in Figure 4.9. The percentage of its
contribution to total reconstruction of respective datasets is shown in the top left corner of
each motor module.
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Table 4.1 Qualitative descriptions of the spatial tuning (i.e. recruitment of activation coefficients) and primary muscles contributing to the motor
modules extracted from individual reaching amplitudes (see Figure 4.8 for motor module weightings)

W1

Direction of peak activation

Timing

Major muscle contributions

Tonic activity with extreme ipsi and contra reductions leaving ipsi-central

pPA4 – pPA5

RAr, RAl, Multr, LumESr,

activity
W2

*bilateral anterior trunk*

Contralateral (right) trunk rotation, progressively more ipsilateral onset as

pPA4

distance increases (i.e. 70% shows 90°+, 130% 45°+)
W3

W4

W5

IOTrAl, EOr, EOl, Latl
LumESl, Multr

Far ipsilateral (left) rotation, progressively greater central onset (i.e. 70% = 0°-

pPA3 (130%)

IOTrAr, PDelr, EOl, Latr,

30°; 130% = 0°-75°)

pPA4

Multl

Low activity boundary edges, extreme ipsi and contralateral (i.e. 0°-15° &

pPA3 (100%-

Multr, Multl, LumESr,

165°-180°)

130%)

LumESl

Ipsi-central targets (45-105° with peak at ~90°)

pPA4-pPA5

ADelr, EOr, EOl, Latr,
Multr

W6

Tonic activity reduces to leave far ipsilateral

pPA4

PDelr

W7

Subject-specific (variable muscles): Small activity centre-contralateral bias

pPA4

Multr, Multl, LumESl

W8

Subject-specific: Opposing synergy to W7 for S02

pPA5

LumESr
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For some shared modules, changes in their activation profiles represented an evolution
of spatial tuning as reach amplitude increased. For example, motor modules within the 70%
and 100% reaching amplitudes sometimes showed small relative activations with flat tuning
(Figure 4.5b, 70% W1, red), but when these modules were assessed for the 130% reaching
amplitude, a clear translation to directionally biased activity persisted. This evolution of
broad non-directional recruitment to directionally-specific activity across reaching amplitudes
provides evidence that the motor modules extracted in the current study may be part of an
active underlying mechanism of motor coordination determined by the CNS.
4.10.2

What does similarity in modular organisation across reach amplitudes suggest
about the control of posture and movement?
We made a number of predictions in the Introduction (see Section 4.7) based on the

traditional view that APAs are produced to counteract the upcoming internally-generated
perturbation. Therefore, in our study, as stability constraints increased with increasing reach
amplitude, we expected either the tuning of activation coefficients or the total number of
motor modules to alter. Due to the robust nature of motor modules previously shown to be
shared across a range of static, balance and dynamic movement tasks (Chvatal et al., 2011;
Chvatal and Ting, 2012; Sawers et al., 2015; Ting, 2007; Torres-Oviedo et al., 2006; TorresOviedo and Ting, 2007, 2010), it was possible that the same motor modules would be
extracted regardless of the need for movement or stability. Activation coefficients could then
alter in their spatial recruitment, such that reaching amplitudes that required stability might
show reciprocal tuning to those that assist movement. This would support findings that motor
modules represent the building blocks of movement that are organised based on the
biomechanical considerations of the task (McKay and Ting, 2008). An addition of motor
modules across reaching amplitudes may have represented an increase in the neuromuscular
complexity required for the reaching amplitude (Allen et al., 2017) or the necessity for task~ 141 ~

specific motor modules to be added for successful EMG reconstruction (Torres-Oviedo and
Ting, 2010).
These changes may also be interpreted within previously defined models of
coordination between posture and movement (Massion, 1992; Figure 11: Yakovenko and
Drew, 2009). Firstly, if similarly composed motor modules were extracted across all reaching
amplitudes, but differed in their spatial recruitment (i.e. activation coefficients), it would
support a hierarchical mode of control (Schepens and Drew, 2003; Yakovenko and Drew,
2009). This would suggest that a global command integrating posture and movement
successfully utilizes an extensive collateralized network of pathways to recruit muscles in a
modular fashion at the spinal motoneuron level. Module recruitment would then be
contingent on the biomechanical consequences of the task. Within the context of the current
study, the similarity of motor modules across reaching amplitude supports global
coordination of focal and postural goals. Considering that activation coefficients remained
spatially robust in their recruitment of a particular motor module regardless of reaching
amplitude, this suggests that the biomechanical consequences (e.g. minimizing CoM
displacement as reach amplitude increased) are not prioritized. Indirectly, the constancy of
modular organisation, coupled with the consistency in their recruitment would support the
view that the CNS organizes preparatory activity for movement rather than balance (Stapley
et al., 1999; Leonard et al., 2009; Stamenkovic and Stapley, 2016).
Alternatively, if additional motor modules were recruited and tasked to counteract the
increasing biomechanical consequences associated with reach amplitude, it would lend
support to the parallel execution of separate movement and postural commands. The presence
of separate modules with strong weighting towards the ADelr or PDelr (W5 and W6) may
align with such theories; however, as reaching amplitude increased beyond arm’s length
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increases in trunk muscle weightings followed (see Figure 4.8, S05, W5 and W6). This
suggests that a common command for trunk and arm (or postural and focal muscles) is viable
and aligns with evidence that fewer functional kinematic synergies are necessary to
incorporate both the arm and trunk movements during goal-directed reaching (Kaminski,
2007; Kaminski and Simpkins, 2001).
4.10.3

Shared modular organisation of postural activity across feed-forward and feedback modes of postural control
The constancy in motor module number in the current study along with the

conservation of motor modules seen for a variety of paradigms altering postural
configurations and biomechanical contexts (Allen et al., 2017; Chvatal and Ting, 2010, 2011,
2012, 2013; Sawers et al., 2015), suggests that both feedback and feed-forward modes of
control may utilise similar modular mechanisms. These motor modules have previously been
associated with rectifying task-level errors, such as the deviation of the CoM, for feedback
based APRs during perturbations to balance (Safavynia and Ting, 2012, 2013). If the same
task-level goals are considered during APA programming, the presence of motor modules in
the current study, composed of similar muscle weightings and spatial recruitment patterns
irrespective of reaching amplitude, would suggest that preparation of movement goals
outweigh potential challenges to stability. This is despite the fact that within-arm reaching
amplitudes could successfully be achieved without trunk involvement.
Cortical and subcortical structures may be responsible for the modulation and taskspecific recruitment of motor modules if modular control of movement resides within the
spinal cord (Bizzi and Cheung, 2013). In our previous study (Stamenkovic and Stapley,
2016), we suggested that the diffuse connections of the reticulospinal tract may provide the
neuroanatomical basis for APA execution. Furthering this line of inquiry, the implication of
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the pontomedullary reticular formation (PMRF) in both feedforward based APAs (Schepens
and Drew, 2004; Schepens et al., 2008) and feedback based APRs (Stapley and Drew, 2009),
coupled with the conservation of motor modules in both scenarios, provide a basis for the
reticulospinal tract in utilizing modular control. Higher order cortical control may also stem
from the supplementary motor area, as experimentally-derived and pathological alterations
alter the timing and magnitude of APAs (Bolzoni et al., 2015; Jacobs et al., 2009; Richard et
al., 2017).
While the composition of motor modules are geared towards movement initiation, the
inclusion of antagonist muscles within them may not be detrimental towards this goal and
may be a consequence of neuroanatomical structure. The ventral corticospinal tract (CSTv,
comprising ~10 – 20% of the entire tract) is known to project mainly on to the motoneuronal
pools for the proximally based musculature, such as the trunk (Lemon, 2008). Rather than the
crossed and direct cortico-motoneuronal connections of the lateral tract, the CSTv projects
bilaterally (Tunstill et al., 2001) and based on electrophysiological studies, is considered
primarily di-synaptic, synapsing first on to spinal interneurons (Lemon et al., 1986; Palmer
and Ashby, 1992). Is the neuroanatomical arrangement of the corticospinal tract designed to
ensure excessive torques are not created and that some degree of reciprocal co-activation (and
the increases in joint stiffness it produces) enables stability? This may be the reason for the
opposing structure of modules in W7 and W8 for S02, which primarily consisted of posterior
muscles, including LumES and Mult.
4.10.4

Conclusion
Considering the spatial recruitment of motor modules during the APA period and their

generalization across amplitude despite varying degrees of trunk involvement, the current
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results support our previous findings that trunk muscle activity for reaching favours the
initiation of movement, rather than the strict maintenance of balance.
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Chapter 5:
Predictive postural activity is primarily tuned
to movement not balance
Submission in preparation for review at Frontiers in Human Neuroscience;
Stamenkovic A, Hollands MA, Stapley PJ (2018) Predictive postural activity is
primarily tuned to movement not balance.

5.1

Background
Chapter 5 consists of a manuscript comprising the third experimental chapter of this
dissertation and in preparation for review within the journal, Frontiers in Human
Neuroscience. It includes the examination of a whole-body reaching task to a
remembered target position, undertaken across a range of biomechanical contexts.
This study aimed to extend previous findings of stereotyped spatiotemporal aspects
of anticipatory postural adjustments in the trunk (see Chapter 4) to selected lower
limb and trunk muscle activity in preparation for movement across contexts that
alter the quality of the base of support (BoS). This study was designed to address
Specific Aim 2 (SA2 b - see Section 1.7).

5.2

Rationale
It has been suggested in the previous experimental chapter of this dissertation

(Chapter 4) that the interaction between the centre of mass (CoM) and BoS, altered
through changes to the movement requirements (i.e. the distance required to reach),
does not alter the generation of preparatory motor programs. This is driven by the fact
that the changes to movement amplitude (in reaching within and beyond arm’s reach
from a static BoS) did not influence the representative motor modules used in
preparation for movement (see Figures 4.8 and 4.10 in Chapter 4). While this alters the
necessary amplitude that the CoM must shift for any given direction it may represent
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constancy of the BoS across reaching amplitudes. Also, the presence of physical targets
attached to a stable support (i.e. the roof) may have altered the perceived consequences
to stability that reaching would produce, thus allowing movement promoting strategies
to be adopted by the CNS for movement initiation. In order to address the priority
between movement and balance in the preparation of reaching, the quality of the BoS
was altered. By changing the starting postures the current study attempted to bias
stability requirements to determine the influence on posture and movement
coordination.

5.3

Main Findings
The results of Chapter 5 highlighted that for a select group of muscles from the

lower limb and trunk, APA programming had similar spatial characteristics regardless
of the starting posture adopted. In line with the conclusions of Chapter 3, these findings
were complementary to the promotion of the CoM towards the intended target position,
despite future alterations to the finger kinematics. This was in contrast to the hypothesis
set out in H2-i and suggests that the CNS may not take into account the perceived
challenges to stability when preparing the initial movement, but delays until appropriate
feedback of the ongoing movement is provided to correct posture.

5.4

Author Contributions
A Stamenkovic performed the experiments, acquired and analysed the data, and

wrote the first draft of the manuscript, which all authors reviewed and approved for
publication. R Robins assisted in data collection and is noted within the
Acknowledgements section of this manuscript. M Hollands provided the equipment,
contributed to the interpretation of data and critical review of the manuscript. As
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primary supervisor, P Stapley provided guidance across all aspects of the experiment
design, interpretation and review of the manuscript.
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5.6

Abstract
When moving a limb while standing, the postural and movement-related (i.e. focal)

components of the task must be coordinated without significant disturbance to balance. To
overcome the potential instability caused by the limb movement, it has been proposed that
prior to the onset of movement, feed-forward preparatory muscle activity (anticipatory
postural adjustments, APAs) create the mechanics to counteract the predicted internal torques
generated to reduce possible excursions of the body’s centre of mass (CoM). However, this
traditional view of the role APAs is context dependent. During goal-directed reach
movements executed on a fixed base of support (BoS) such preparatory postural activity
promotes movement of the CoM within the BoS. The current study was designed to
investigate if APAs in select leg and trunk muscles are tied to conditions of stability or the
requirement to produce the mechanics for voluntary movement. Participants executed reaches
in four different postural configurations that aimed to increase constraints on stability. We
reasoned that if APAs are programmed according to an evaluation of upcoming instability
caused by a moving limb, increasing the constraints on balance would require a modification
to preparatory postural activity. Therefore, this study quantified the temporal and spatial
characteristics of the feed-forward muscle activity, CoM and the resulting arm kinematics.
We show that postures that exhibit a reduction in total CoM displacement and increasing in
postural challenge did not change the spatial or temporal characteristics of preparatory
muscle activity but that arm and CoM trajectories were modified to complete reaching
movements. We conclude that contrary to most traditional views of APAs, preparatory
postural activity is not tuned to the need to maintain balance or a calculation of upcoming
instability, but reflects a requirement of voluntary movement towards a pre-defined location.
KEYWORDS: anticipatory postural adjustments; balance; reach; centre of mass;
posture; coordination
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5.7

Introduction
During voluntary reaching, the coordination between goal-directed movement of the

arm and balance of the whole body has been widely studied (Horak, 2006; Massion, 1992).
Traditionally, focal (arm) and postural (balance) components of voluntary actions executed
during stance have been considered as separate entities. The balance component is considered
to maintain stability during a self-generated perturbation induced by the arm movement, a
perspective based upon the mechanical principles of equilibrium established largely under
static conditions. Within this framework, muscular activation of the lower limbs and trunk
preceding the onset of arm movement are considered postural adjustments that are organised
by the central nervous system (CNS) in an anticipatory fashion. These anticipatory postural
adjustments (or APAs) prepare the non-focal segments to counter-balance the internally
displacing dynamics produced by the movement (Bouisset and Zattara, 1981; Hodges et al.,
1999).
However, studies have shown that the role of APAs is task-dependent. For example,
postural muscle activity preceding locomotion ensures the progression of the body from
upright stance through the first step (Breniere et al., 1987; Burleigh et al., 1994). Moreover,
in an upper limb push/pull task, APAs create the dynamics to assist the focal movement by
rotating the body about the ankles (Lee et al., 1987). Evidence from simulation studies that
have attempted to confirm the role of APAs in leg and trunk muscles during upper limb
movements, have also suggested that: i) anticipatory muscle activity is not always devoted to
body stabilisation (Tyler and Hasan, 1995), and ii) the dynamics associated with decelerating
an arm movement are sufficient to counter-balance the initial dynamics caused by the onset
of the movement (Pozzo et al., 2001). It is plausible that the CNS accounts for all of the
dynamic consequences of arm movements, especially in regard to necessary postural
adjustments, without the need for a dedicated mechanism that prioritises stability.
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More recent evidence shows that during voluntary movement of the upper limb across
a range of directions, preparatory muscle activity is ‘spatially tuned’ to promote movement in
the desired direction, rather than producing dynamics that ‘retain’ position and minimise
body centre of mass (CoM) displacements to within a small area of the base of support
(Leonard et al., 2009; Stamenkovic and Stapley, 2016). In fact, APAs in these studies moved
the CoM in the direction of the target within the confines of the base of support (using the
base of support as an area within which dynamic stability could be maintained). If the CNS
produces predictive postural adjustments to create the dynamics for movement and not to
minimise CoM displacements, changing or increasing the postural constraints during the
movement should not affect the nature of the APA. However, if the APAs are indeed devoted
to ensuring balance, their characteristics should change along with the balance constraints
under which movements are executed.
When the influence of posture has been examined during the execution of reaching, a
number of muscular and kinematic features remain robust despite alterations in CoM and
centre of pressure (CoP) displacements (Berret et al., 2009; Fautrelle et al., 2010).
Specifically, similarities in extracted muscle synergy composition and activations (muscle
groupings and their recruitment over the time course of reaching) are observed between
natural stance and under the reduced base of support afforded by a beam placed under the feet
(Fautrelle et al., 2010). Using the same postural conditions, a single coordinated kinematic
strategy (i.e. one synergy of covariation between joint elevation angles) was able to explain
and reconstruct patterns of movement during reaching (Berret et al., 2009). In fact, an
additional kinematic synergy (primarily consisting of focal arm segments) was only recruited
when constraints were placed on the task itself, by restricting the trajectory of the finger to a
certain path. Work from within our lab would seem to confirm these findings indirectly, as
reaching from a seated or standing position had little influence on the endpoint kinematics of
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the arm, even as trunk and pelvis contributions to the whole-body movement changed (Hua et
al., 2013). Overall, these studies suggest that equilibrium constraints are well accounted for
by the CNS during the execution of reaching, and that low-dimensional task variables such as
endpoint trajectory are prioritised to produce coordinated and accurate reaching.
Therefore, the aims of this study were twofold: 1) to test the hypothesis that predictive
postural adjustments are tied to conditions of upcoming stability or more specifically,
instability during voluntary arm movements, and 2) to quantify predictive postural
adjustments in relation to whole-body and focal task components of reaching during stance to
decipher if any changes to predictive balance strategies impact resultant goal-directed
movements. We predicted that if balance constraints were sufficient to change the perceived
capability of action (Robinovitch, 1998), that the spatial tuning of preparatory activity would
change to prioritise balance and minimise CoM displacement. Alternatively, an observation
of consistent preparatory (predictive) postural activity regardless of postural configuration
would reinforce previous findings that posture and movement are incorporated into a single
motor command (Berret et al., 2009) and highlight that this incorporation occurs even within
the preparatory stages of movement. Our results show that APAs are not modified in the face
of different (potentially more unstable) balance constraints under which voluntary
movements are conducted, but drive the CoM in the direction of movement similarly during
the early phase of reaching. During the latter phase of reaching, the CoM displacements are
modulated to retain balance, but the focal components of the task are robust and consistent
regardless of postural configuration.
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5.8

Methods

5.8.1

Participants
Eleven healthy participants (8 male, 3 female; age: 24.3+2.2 years), with normal or

corrected vision, and without any known neurological or orthopaedic impairments were
recruited from the university student population. Institutional ethics approval (UREC:
14/SPS/021) and informed consent was received for all experimental procedures in
accordance with the Declaration of Helsinki (1975). As hand dominance varied within the
cohort (7 right-hand dominant, 4 left-hand dominant), muscles and target locations were
represented by terms defining their position in relation to the reaching arm (i.e. dominant
arm) and the participants’ midline. In other words, muscles located on the same side of the
body as the reaching arm, or targets that did not require the arm to cross the midline were
termed ipsilateral, while those residing on the opposite side were termed contralateral.
5.8.2

Experimental apparatus & configuration
Briefly, participants faced a blank screen upon which five circular light targets were

projected (diameter: ~3 visual degrees) and aligned horizontally. Targets were positioned at
eccentricities of 23° and 38° to the left and right of a central fixation (0º) target situated
perpendicular to the midline of the participant and at a distance well beyond arm’s reach
(~2.5 m, Figure 5.1a). Three-dimensional kinematics were recorded using a five camera
Bonita motion capture system (Vicon, Oxford, U.K) sampling at 200 Hz. Thirty-nine passive
retro-reflective markers were attached to distinct anatomical landmarks representing the head,
trunk, upper and lower limbs for determination of whole-body movement (“PlugIn Gait”
model, Vicon). A wireless electro-oculography (EOG) system (Bluegain, Cambridge
Research Systems, U.K) recorded eye movements in the horizontal plane at 1000 Hz. Small
electrodes (Ag/AgCl) were aligned with the outer canthus of each eye and a ground electrode
positioned centrally on the participant’s forehead.
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Figure 5.1 Experimental (a) and postural
(b) configurations with finger kinematic
(c) and muscle (d) variables used in the
current experimental study. a. Participants
were instructed to reach to a remembered
target position in space that aligned with
one of five visual targets projected onto a
wall-mounted screen out of reach. Targets
were placed at two eccentricities (23° and
38°) and on either side (contralateral and
ipsilateral) of the central midline target. b.
Four postural configurations were assessed
where participants either remained seated
(SIT) or in one of three standing postures:
feet a natural width apart (STAND), feet
together (NARROW) or standing atop a
reduced base of support (BEAM) c. Finger
velocity and trajectory profiles highlight
how measures of finger kinematics and
accuracy are calculated. d. Example of
muscle onset and inhibition determination
relative to light onset. Muscle onset (and
inhibition) was determined if activity rose
beyond 2 SD (or dropped below 1 SD) of
the mean activity in the 500 ms preceding
light onset (dashed line, asterisk).
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Muscle activity for representative muscles of the limbs and trunk segments were
recorded using a MA-300 12-channel surface electromyography (sEMG) system (Motion Lab
Systems, Baton Rouge, LA) and 4-channel Bagnoli (Delsys, Natick, MA) sEMG system
sampling at 1,000 Hz. Recording occurred bilaterally and included: tibialis anterior (cTibAnt,
iTibAnt) and soleus (cSoleus, iSoleus) for the lower limb, combined obliquus internus and
transversus abdominis (cIOTrA, iIOTrA) and multifidus (cMult, iMult) for the trunk,
sternocleidomastoid (cSCM, iSCM) for the neck and the anterior head of the deltoid muscle
(ADelt) for the focal (reaching) arm. Surface electrode placement followed SENIAM
guidelines for upper and lower limb musculature (Hermens et al., 2000) and previously
identified sites for trunk musculature (Stamenkovic and Stapley, 2016).
Analog data including muscle activity (sEMG), eye movements (EOG) and target
illumination were controlled and recorded using a customised program written in LabVIEW
(National Instruments, Austin, TX). The customised program delivered a pulse to a strobe
light situated within the motion capture volume behind the participant to allow for
synchronisation of kinematic data with recorded analog signals.
5.8.3

Experimental procedures
The experimental procedures undertaken were adapted from those used previously to

elicit postural adjustments during both seated (Hua et al. 2013) and standing whole-body
coordinated reaching tasks (Leonard et al. 2009, 2011; Stamenkovic and Stapley, 2016).
Participants conducted whole-body coordinated reaching (REACH) movements under four
separate postural conditions (SIT; STAND; NARROW; BEAM, see Figure 5.1b and
following text for explanation). For REACH trials, movements were made to a distance
beyond arm’s length (130% of reaching arm length) and aligned with each of the five visual
fixation targets. The order in which postural configurations were conducted was randomised
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across participants to nullify any differences in experiential learning, while presentation of
task conditions and movement direction within each postural configuration block were also
presented in a pseudo-randomised order. To ensure movement initiation was not pre-emptive
and thus a prediction of an upcoming trial, an additional 10 ‘catch’ trials were administered
for each block, whereby a task condition was given but no visual fixation target illuminated
to initiate movement. Participants also received 5 minute rest periods between blocks of trials
for each postural configuration to counteract any fatiguing effects of the protocol. In total,
participants undertook 60 trials per postural configuration (5 trials x 5 directions x 2 tasks
conditions + 10 ‘catch’ trials).
As the most important biomechanical constraint to balance is the size and quality of
the BoS (Horak, 2006; Bouisset and Le Bozec, 2002), we utilised postural configurations that
aimed to alter these parameters (Figure 5.1b). A seated posture (SIT) was achieved by sitting
upon an adjustable stool with no back support, which was used to allow for neutral vertebral
and shoulder position, as well as constant 90° knee flexion. In natural stance (STAND), a
comfortable and familiar distance between the feet was adopted by taking the average
distance between the medial malleoli of the ankle after 15m of preferred speed walking
(Leonard et al., 2009). This stance width was reduced in the mediolateral plane for the narrow
postural condition (NARROW) by bringing the feet together, allowing the medial malleoli of
each ankle to touch. The final configuration (BEAM) required participants to stand atop a
wooden beam (dimensions: 800 mm x 80 mm x 80 mm) aligned through the approximate
centre of the participants’ ankle joint (line between the medial and lateral malleoli). This
raised participants off the floor, reduced their base of support in the antero-posterior plane
(whilst retaining their comfortable mediolateral stance width) and ensured that the feet did
not touch the ground for support throughout the entirety of the reaching movement.
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At the beginning of each trial, the index finger of the reaching arm was placed on the
xiphoid process (at the base of the sternum) and shoulders were aligned perpendicular to the
anteriorly placed central fixation target. Target height was centred at eye level and
individuals were familiarised with the beyond arm distance of 130% of the participants’ reach
length (measured from the acromion process to the tip of the right index finger with the
shoulder in neutral scapular retraction and arm extended). Due to the influence of tactile
sensory information on stability (Clapp and Wing, 1999; Jeka, 1997), physical targets were
not used as this may have altered movement preparation and termination strategies.
Therefore, reaching was made to a remembered distance aligned with the fixation target to a
point that would not require a further step to retain balance (regardless of posture), but still
implicitly involved the preparation and execution of a whole-body reaching response (i.e.
beyond reach). Feedback was given during an initial measurement and familiarisation session
the day prior to data collection with a smaller block of 2 reaching trials for each direction (n =
10 trials minimum) repeated prior to the beginning of recording for each postural
configuration. Data acquisition commenced upon attainment of EMG and EOG analog
signals that showed no observable deviations from baseline levels. Participants were
instructed of the type of the upcoming trial (LOOK; REACH) prior to a pseudo-randomised
time delay (500 - 2000 ms) preceding target light onset. Upon illumination, participants
reached with their preferred arm and the index finger outstretched, maintaining their final
position until the end of data collection. No other instructions were given as to how the
movement should be conducted. In total, a collection period totalling 5,000 ms captured all
relevant data within each trial.
5.8.4

Data analysis
As the primary objective of the current experiment was to understand the role of

preparatory postural adjustments during reaching across differing postural configurations,
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only data for the REACH condition was considered for future analysis. All analyses were
completed offline using customised scripts created using MATLAB (The Mathworks, Natick,
MA). Kinematics were low-pass filtered using a second-order Butterworth algorithm at 20
Hz. Raw analog EMG signals were high-pass filtered at 35 Hz (to remove motion artefact),
de-meaned, rectified and low-pass filtered at 100 Hz (second order Butterworth) for
visualisation.
Onset of the focal arm movement was determined using the bell-shaped tangential
velocity profile of the reaching index finger. A relative measure of 5% of the peak finger
velocity was used as a threshold, with movement initiation being the first value exceeding
and movement termination reducing after the peak (Sainburg and Schaefer, 2004). From this,
salient features of finger kinematics, including movement duration, time to peak velocity and
the associated measures of acceleration and deceleration phases could be calculated. Initial
finger error and endpoint finger error were calculated by comparing the planar (x, y) position
of the finger at both peak finger velocity and movement termination with respect to the
prescribed target; however, accuracy was not explicitly determined to be a criterion for
successful movement. The degree to which finger trajectories deviated from a straight line
connecting initial and final finger positions was also calculated (see linearity index – Atkeson
and Hollerbach, 1985; Messier and Kalaska, 1999). Briefly, this was taken as a ratio between
the amplitude of greatest deviation and a linear trajectory (i.e. straight reaching path) from
movement onset to termination (see Figure 5.1c).
To determine the spatial evolution of postural muscle activity for preparing
movement, periods of 250 ms preceding movement onset (termed preparatory postural
adjustments, or pPAs) were assessed. These periods were subsequently divided into 50 ms
time intervals, or ‘bins’ to depict the evolution of postural adjustments occurring. Activity for

~ 158 ~

each muscle was calculated as a single value based on the mean activity within each bin for
every trial. To reduce the effects of differences in EMG amplitudes between participants,
values were normalised to the maximum within each bin for a particular muscle, such that all
values lay between 0 and 1. Pooled values could then be graphed as muscle tuning curves
(Leonard et al., 2009, Torres-Oviedo and Ting, 2007). Temporally, individual muscle onsets
were determined when activation exceeded 2 standard deviations above baseline muscle
activity, with inhibition considered when muscle activity reduced below 1 standard deviation
of background activity (Figure 5.1d).
5.8.5

Statistical analysis
Muscle latencies, CoM displacements and finger kinematics including accuracy

measures were assessed with two-way repeated measures ANOVA (POSTURE X
DIRECTION) using the SPSS statistical package (ver. 21, IBM, OR, USA). Bonferroni-Holm
adjustments were applied to main ANOVA results to reduce the familywise error rate before
determining significance across related measures. This was achieved by altering the initial
level of significance (p < 0.05) with respect to the total number of tests performed (e.g. 11
muscles x 3 main effects/interaction) to produce a more conservative significance level (p <
0.0015). Greenhouse-Geisser adjustments were made in cases where violations of sphericity
were observed. When applicable, further post-hoc analyses were conducted with Bonferroni’s
adjustment for multiple pairwise comparisons. To assess whether muscle activation and
inhibition latencies were better aligned to the trigger event (i.e. light onset) or movement
event (i.e. finger onset) correlations were calculated using Type II major axis regression.

5.9

Results

5.9.1

Qualitative EMG characteristics
Figure 5.2 shows mean muscle activation profiles from representative axial and lower

limb musculature during reaching movements made to the ipsilateral and contralateral target
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(38° eccentricity) for a single participant (S03). During the preparatory postural adjustment
(pPA) period (Figure 5.2, grey box) within each postural configuration, activity can be seen
for a number of muscles. For example, in the SIT configuration, activation of both SCM and
IOTrA muscles occurs prior to finger onset (Figure 5.2 at time = 0). This is in contrast to the
distally placed muscles of the ankle, which showed little preparatory postural activation.
ADelt activation remained robust and linked to movement onset across each postural
configuration and for movements to either side of the midline (i.e. contralateral and ipsilateral
targets). Similarly, the muscle pair of c/iIOTrA showed preparatory activity across postures
albeit to a lesser extent for the BEAM condition. In contrast, Mult activity did not occur until
after initiation of the movement. Although this was not a common observation within the
cohort, when activity was present it was often small in magnitude. For the STAND and
NARROW conditions, clear changes in activity within the pPA period were observed for the
TibAnt and Soleus. Activation for the TibAnt altered depending on the direction of the target
(e.g. when comparing cTibAnt activation for contra- and ipsilateral reaching during STAND)
and tended to reduce to a pattern of co-activation for the BEAM condition. Tonic background
activity was seen for the Soleus when adopting standing postures (STAND, NARROW and
BEAM) and evident when comparing the activity of Soleus prior to the start of the pPA
period in the SIT and STAND configurations (Figure 5.2, dashed vertical line). As such,
APAs within the Soleus were observed as inhibition especially across the STAND and
NARROW conditions, and similar to the TibAnt, shifted towards a co-contraction for the
BEAM condition. In general, participant movements to contralateral targets were preceded by
activity from cIOTrA and iTibAnt, with movements to ipsilateral targets preceded by their
oppositely positioned pairs (i.e. iIOTrA and cTibAnt).
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Figure 5.2 Mean muscle activity profiles for selected muscles of the neck, trunk and ankle
across four starting postural conditions for a single subject (S03). Muscle activity was evident
in the 250 ms preparatory period (pPA: black, dashed) prior to finger movement initiation
(black, solid) at time = 0. For each muscle, reaching movements to the 38° ipsi-lateral target
(grey) are positive whilst movements in the direction of the corresponding contra-lateral
target (black) have been inverted for ease of comparison. Muscle naming conventions can be
found within the Methods section of the text. All traces are represented by mean values
(solid) ± 1 standard deviation (shaded).
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5.9.2

pPA spatial tuning
When normalised muscle activity was divided into the separate bins shown in Figure

5.2 (see minor tick marks within grey pPA section), spatial tuning was observed across
postural conditions. Figure 5.3 examines the evolution of such preparatory muscle activity
over the time course of the pPA period (i.e. 250 ms) across each of the four postural
configurations for a single participant (S03). Most muscles exhibited a directional preference
at some stage preceding movement onset. Most often, this manifested during the later stages
of movement preparation (i.e. starting ~100 ms preceding finger onset, pPA 4-5, see Figure
5.3, green and magenta) with earlier pPA periods (i.e. pPA 1-2, Figure 5.3, black and dark
blue) presenting little change in activity. The lack of preparatory muscle activity for this
participant in the multifidus (Mult) and muscles around the ankle during SIT (see TibAnt and
Soleus, Figure 5.2) meant that respective tuning curves were flat and remained so over the
course of each 50 ms time bin. Muscles surrounding the neck showed tuning; however, did
not show a clear pattern of tuning that persisted across postural configurations. In contrast,
stereotyped evolution of tuning patterns was evident for the IOTrA muscle pair across
postural configurations (for example, see cIOTrA, Figure 5.3). Spatial tuning was not always
indicated by an increase in relative muscle activation from baseline levels. iSoleus and
cSoleus showed decreases in activity for movements to the same side, such that iSoleus
decreased for ipsilateral movements and cSoleus for contralateral movements (Figure 5.3,
pPA4/5 BEAM).
To determine whether such patterns of activation were representative of the entire
cohort, mean spatial tuning curves for all participants were examined for the final preparatory
period (Figure 5.4). Pooled tuning curves tended to display one of three main characteristics;
1) a directional bias of muscle activity for movements towards the contralateral (Figure 5.4,
black) or ipsilateral (Figure 5.4, grey) target, 2) a central bias where activity was peaked
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towards midline (Figure 5.4, light blue), or 3) a flat tuning response (Figure 5.4, red). Across
participants, the degree to which the direction-dependent activity agreed with the tuning seen
in Figure 5.3 was varied. However, for muscles that showed robust tuning, this was evident
not only within each posture, but also when comparing across postures. Movements to
ipsilateral targets were often preceded by activity of the bilateral SCM, iIOTrA and cSoleus
(Figure 5.4, grey). In contrast, contralateral movements were preceded by preparatory activity
of cIOTrA and Mult bilaterally across all postures. For some muscles, activity from
participants that opposed the spatial tuning of the rest of the cohort in pPA5, often presented
with spatial tuning towards the same direction in the earlier epoch (i.e. pPA4). This was
apparent for iSCM (Figure 5.4; iSCM SIT black, n = 3). Also, considering the arrangement of
target directions (having a larger anterior movement component) it is not surprising that
directional tuning was not as prominent for the TibAnt muscles (e.g. Figure 5.4;
cTibAnt/iTibAnt BEAM, light blue). However, differences between cTibAnt and cSoleus
between seated and standing postures was observed.

Figure 5.3 Spatial tuning curves for the preparatory postural adjustment period (pPA) for
representative muscles shown in Figure 5.2. Each individual figure represents the evolution
of mean normalised muscle activity of the four postural configurations. Values to the left of
the midline (i.e. centre target) show relative activity for movements to the 23 and 38 contralateral target, while values to the right are for the respective ipsi-lateral targets. Individually
coloured lines within each muscle-posture pairing represents sequential 50 ms time bins in
the 250 ms period preceding finger initiation (e.g., pPA1: -250 ms : -200 ms prior to finger
initiation to pPA5: -50 ms : 0 ms prior to finger initiation). Direction-dependent activity is
seen for a number of muscles with evidence of similar tuning curves across postural
configurations. pPA1 = black; pPA2 = dark blue; pPA3 = light blue; pPA4 = green; pPA5 =
magenta. Muscle naming conventions can be found within the Methods and Abbreviations
sections of the text.
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5.9.3

Temporal patterns of muscle activation and inhibitions
Figure 5.5 shows the distribution of muscle activation and inhibition latencies within a

500 ms period before and after finger onset. Postural configuration (Figure 5.5a - d) had no
significant effect upon the timing of muscle activation or inhibition of the muscles studied.
After Bonferroni-Holm adjustment, a two-way repeated measures ANOVA revealed only a
2
solitary main effect of DIRECTION (F(1,10) = 52.499, p < 0.001,  p = 0.840) with activation

of the cIOTrA occurring earlier for movements to contralateral targets (vs. ipsilateral, p <
0.001).
5.9.4

Preparatory postural activity in relation to stimulus or movement onsets
In order to investigate whether postural constraints modified the event driving the

production of predictive postural adjustments, muscle latencies were compared to stimulus
(i.e. light onset) and to movement onset (i.e. finger onset). Figure 5.6 plots coefficients of
determination (r2) for all muscle activations between finger (x-axis) and light onsets (y-axis).
Regardless of postural configuration (see Figure 5.6 for legend) or direction of reach (Figure
5.6, colour), the majority of r2 values were located to the right of the reference line (i.e. below
the diagonal line) indicating that they were aligned to movement onset. Additionally,
individual trials for which muscles produced an observable decrease in muscle activity (i.e.
inhibition, see Methods) were highlighted in red in Figure 5.5. Inhibition predominantly
occurred for posterior musculature including the c/iSoleus and c/iMult muscle pairs across
different postures. While the total number of trials with inhibition was small, major axis
regressions were also calculated to determine whether these distinct decreases in muscle
activity were better related reflexively to the onset of visual stimulus or in an anticipatory
fashion of movement initiation (Figure 5.6, inset). Contrary to muscle activations,
relationships for inhibition latencies were more varied and, with the exception of the majority
of STAND relationships, were better aligned with stimulus onset (Figure 5.6 inset - grey).
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Figure 5.4 Individual spatial tuning curves for the final 50 ms time bin prior to finger
initiation (i.e. pPA5) for all participants (n = 11). Tuning curves that showed a directional
preference for contralateral targets are in black, while curves with a preference for ipsilateral
targets are in grey. Curves highlighted in blue represent tuning that was centrally biased.
Participants who did not show any tuning for a particular muscle and postural configuration
are shown in red. Profiles highlighted with green refer to the tuning curves for S03 in Figure
5.3. Muscle naming conventions can be found within the Methods and Abbreviations sections
of the text.

5.9.5

Effects of changing posture on body centre of mass displacements
To determine what effect preparatory muscle activity had on balance during the reach

movements, individual trajectories from all participants were constructed for the
displacement of the CoM for each of the four postural configurations (Figure 5.7a-d). Across
the four postural configurations there were evident differences in CoM displacement. In
particular, the SIT condition produced trajectories that showed larger antero-posterior but
constrained mediolateral components (Figure 5.7a), while less displacement occurred
mediolaterally in NARROW (Figure 5.7c) and antero-posteriorly in BEAM (Figure 5.7d)
conditions.
For the majority of trials, the trajectory of CoM displacement was moving in the
direction of the respective target by the time the finger reached peak velocity (filled circles in
Figure 5.7a-d). CoM displacement was also observed prior to finger onset and was likely the
result of pPAs. This is shown in Figure 5.7e-h where the transition from black trajectories to
grey trajectories highlighted displacement occurring before (i.e. ‘pPA phase’) and after finger
onset. While some trials showed movement of the CoM posteriorly (in particular the BEAM
configuration, Figure 5.7h) the magnitude of such excursions was often small. However, the
majority of the standing postures showed that there was a movement of the CoM in the
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general direction of the target, rather than an evident non-displacement of the CoM seen in
Figure 5.7e (SIT).

Figure 5.5 Boxplot distribution of muscle activation latencies with respect to finger initiation
for the SIT (a), STAND (b), NARROW (c) and BEAM (d) postural configurations. Mean
muscle activation (black line) for a number of muscles was situated in the pPA period
situated to the left of finger onset (dashed line). Means are bounded by measures of the
standard error of the mean (red) and standard deviation for movements to contralateral (black,
solid) and ipsilateral (grey, solid) targets. Common timing can be seen for muscle activations
of a particular muscle across postural configurations. Due to the small number of cases,
muscle inhibition times are shown individually as red dots, preceding activation. Muscle
naming conventions can be found within the Methods and Abbreviations sections of the text.
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These CoM displacements are quantified in Figure 5.8 for all four postures. Results
showed that there was displacement of the CoM forwards during the pPA phase for all
2
standing postures compared to SIT (F(1.946,19.459) = 9.681, p = 0.001,  p = 0.492; SIT vs.

STAND, p = 0.007; SIT vs. NARROW, p < 0.001; SIT vs. BEAM, p = 0.029), but that the
displacements across all three standing postures were not significantly different. The SIT
condition showed little or no CoM during the pPA phase. Interestingly, CoM displacements
up to peak velocity of the finger movement (‘Acceleration phase’) were not significantly
different across all four postures. A main effect of posture on CoM displacement was found
2
however, across the entire finger movement (F(3,30) = 12.691, p < 0.001,  p = 0.559) with

STAND and SIT postures having significantly greater CoM displacements than NARROW or
BEAM postures (SIT vs. NARROW, p = 0.027; STAND vs. NARROW, p = 0.003; SIT vs.
BEAM, p = 0.014; STAND vs. BEAM, p = 0.007).
Total CoM displacement was quantified for these three distinct periods of interest
including; the time preceding movement onset (Figure 5.7e-h, black and Figure 5.8, open bar
- ‘pPA phase’), during the acceleration phase of the reach (Figure 5.7a-d, filled circle and
Figure 5.8, striped bar – ‘acceleration phase’) and for the entirety of the movement (Figure
5.7a-d, cross and Figure 5.8, black filled bar – ‘movement time’). While the magnitude of
displacement was small across all postures, a two-way repeated measures ANOVA revealed a
significant main effect of POSTURE on CoM displacement during the pPA phase
2
(F(1.946,19.459) = 9.681, p = 0.001,  p = 0.492). This was evidenced by an approx. 4 mm

greater displacement occurring during all standing postures (SIT vs. STAND, p = 0.007; SIT
vs. NARROW, p < 0.001; SIT vs. BEAM, p = 0.029). A similar main effect of POSTURE
was also seen when comparing CoM displacement across the total movement time (F(3,30) =
2
12.691, p < 0.001,  p = 0.559). Specifically, the natural seated and standing postures
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showed greater CoM displacement when compared to their more challenging postural
counterparts (SIT vs. NARROW, p = 0.027; STAND vs. NARROW, p = 0.003; SIT vs.
BEAM, p = 0.014; STAND vs. BEAM, p = 0.007). In contrast, no significant difference in
CoM displacement was observed for the acceleration phase of the movement between
postures.

Figure 5.6 Comparison of coefficients of determination (r2) for relationships of individual
muscle activations and inhibitions (inset) with respect to stimulus and movement onset. The
reference line (dotted) indicates r2 values that were identically correlated with both stimulus
and movement, with values to the left favouring stimulus onset and those to the right
favouring movement onset. Regardless of posture (SIT: circle; STAND: square; NARROW:
triangle; BEAM: cross) or direction of reach (contra = black; ipsi = grey), relationships
tended to be more strongly aligned to movement rather than stimulus onset.
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Figure 5.7 Centre of Mass (CoM) displacement profiles for all participants over the entire
movement time (a-d) and prior to movement onset (e-h). For each postural configuration,
CoM displacement at peak finger velocity (filled circle) and movement termination (cross)
for each individual trial. Clear changes in the dispersion of CoM excursion were evident at
movement termination for postures. Sections in a-d (see squares) were expanded for
individual direction of reach to allow visualisation of displacement prior to movement onset
(e-h). The transition between displacement during the preparatory postural adjustment (pPA)
period and following movement onset is delineated by the change in colour of traces from
black (pPA) to grey.

5.9.6

Finger kinematics and accuracy
In order to investigate how posture affected the production of the focal component of

the movement, we investigated finger trajectory and velocity profiles across all four postures.
Figure 5.9 shows trial-by-trial finger trajectories and tangential velocity profiles for all
participants (n =11). Despite familiarising themselves with the reaching distance, participants
often undershot the position of the remembered target (Figure 5.9, red circles and Table 5.1)
with significant differences being revealed across postural configurations (F(3,30) = 14.849, p
< 0.001,  p = 0.598). Normalised reach distances progressively decreased as postures moved
2

through to configurations with a reduced BoS (SIT vs. NARROW, p = 0.049; SIT vs. BEAM,
p = 0.004; STAND vs. BEAM, p = 0.004), with the only the exception being between
STAND and NARROW (p = 0.086). Trajectory profiles were often curvilinear towards
targets. This did not change significantly across both posture and direction (Table 5.2).
Tangential velocity profiles (Figure 5.9c, d, g, and h) were generally bell-shaped, but
presented with clear inflections that did not reduce below the prescribed threshold for
movement termination. This was a common feature and not limited to a single direction or
postural configuration. In fact, participants showed a similarity in the distribution of the
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speed of their movements within each condition, such that the grouping of lower peak
velocities was from the same participants. When finger kinematics (derived from key
components of the velocity profile) were quantified, only peak finger velocity was altered by
2
postural configuration (F(3,30) = 3.177, p = 0.038,  p = 0.241). This difference lay in the

significantly reduced peak velocities achieved in the BEAM configuration when compared to
STAND (p = 0.048). Interestingly, a number of directional biases were also present for the
more eccentric of the two lateral targets (i.e. contralateral 38° vs. ipsilateral 38°). This
2
included greater peak finger velocities (F(1.336,13.362) = 11.427, p = 0.003,  p = 0.533; ipsi38
2
vs. contra38, p = 0.012), shorter acceleration phases (F(1.443,14.427) = 30.252, p < 0.001,  p =

0.752; ipsi38 vs. contra38, p = 0.001) and shorter time to the inflection point (F(1.623,16.226) =
19.840, p < 0.001,  p = 0.665; ipsi38 vs. contra38, p = 0.002) for movement to the ipsilateral
2

target.
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Figure 5.8 Total Centre of Mass (CoM) displacement calculated for three distinct kinematic
periods, the pPA phase (open), acceleration phase (striped) and to movement termination
(filled). Significant differences were seen where standing postures showed greater CoM
excursions than sitting (‘pPA phase’). Both SIT and STAND configurations allowed for
greater CoM displacement compared to NARROW and BEAM. Values denote means for
each period, while error bars represent 1 standard deviation. * p < 0.05

In addition to measures of reaching kinematics, pooled (n = 11) finger endpoint
distributions (Figure 5.10a) and individual finger endpoints (Figure 5.10b) across each
postural configuration were calculated. Movements made during standing postures showed a
distribution of endpoints that tended to reduce in amplitude for the antero-posterior
component with endpoint variability stemming from mediolateral deviations from the target.
Finger endpoint distributions are represented in Figure 5.10a, as 95% confidence
ellipses shifted from a spherical to elongated distributions. Similar to the termination of
finger trajectories shown in Figure 5.9b, e and f clear undershooting and deviations away
from the target were seen for all participants as movements were made under standing
conditions (i.e. Figure 5.10b; STAND, NARROW, BEAM). This was more pronounced in
movements to ipsilateral targets. Qualitative differences were confirmed with a two-way
repeated-measures ANOVA revealing a main effect of POSTURE on endpoint finger error
2
(F(3,30) = 12.117, p < 0.001,  p = 0.548). Further analysis showed that errors were

significantly greater during natural stance (STAND) when compared to both the SIT (SIT vs.
STAND, p < 0.001) and NARROW postural configurations (STAND vs. NARROW, p =
0.006). However, differences in errors between the BEAM and SIT conditions did not reach
significance (SIT vs. BEAM, p = 0.070).
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Some of these errors were also seen in the initial portions of the reaching movement
(i.e. during the acceleration phase) as a similar main effect of POSTURE was observed for
2
initial finger error (F(3,30) = 6.726, p < 0.001,  p = 0.402). In particular, there was a

significant difference between SIT and STAND (p = 0.038) postures, but these differences
did not reach significance when compared to BEAM (p = 0.068). The negative values of
initial finger error for the seated posture (SIT) indicated that trajectories continued closer to
the participant midline before curving towards the target of interest. This was different to
standing postures where positive values highlighted that finger trajectories were already
deviating laterally and away from the target. In fact, trajectories continued along this deviated
path compounding errors further at finger endpoint. This remained similar across targets, as
significant differences were not seen as a function of reach direction (Table 5.2; see
Appendix E – Table 1, Finger Trajectory Curvature).

Figure 5.9 Individual trial finger trajectories (a, b, e, f) and velocity (c, d, g, h) profiles for
all participants (n = 11). Semicircle surrounding each set of trajectories represents 100% of
reach distance. Remembered target positions (red) are presented with contralateral targets on
the opposing side and ipsilateral targets on the same side as the dominant arm (D). Trials
representing greater eccentricities (i.e. 38°) are shown in grey, while smaller eccentricities
(23°) are shown in black. The distance at which peak finger velocity occurred across trials is
highlighted in green. For velocity profiles, traces with the maximum and minimum peak
velocity are shown in black, with all other trials in grey. Bell-shaped profiles with inflexion
were present across different directions and postural configurations.
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Table 5.1 Finger kinematic variables across postural configurations and directions of reach

Acc
phase
(ms)

Peak
Finger
velocity
(m/s)

SIT
contra40
contra20
ipsi20
ipsi40

256(74)
245(64)
227(58)
221(57)

2.4(0.49)
2.52(0.49)
2.73(0.57)
2.92(0.74)

STAND
contra40
contra20
ipsi20
ipsi40

257(56)
241(58)
219(53)
213(40)

NARROW
contra40
contra20
ipsi20
ipsi40
BEAM
contra40
contra20
ipsi20
ipsi40

1

Dec
Phase
(ms)

MT to
inflection
(ms)

Movement
Time (ms)

Symmetry
Ratio
(inflection)

Symmetry
Ratio
(Acc:Dec)

Reach
distance
(% arm
length)

290(110)
265(70)
240(80)
228(59)

675(181)
658(198)
535(134)
578(106)

535(173)
499(123)
459(130)
439(103)

931(224)
903(211)
763(176)
799(159)

0.93(0.17)
0.97(0.17)
1(0.18)
0.99(0.21)

0.42(0.10)
0.42(0.11)
0.44(0.11)
0.43(0.12)

1.18(0.16)
1.19(0.14)
1.21(0.13)
1.23(0.12)

2.52(0.50)
2.57(0.56)
2.69(0.56)
2.9(0.55)

289(84)
260(64)
247(49)
229(53)

776(399)
604(132)
568(160)
550(101)

533(128)
491(114)
456(94)
433(84)

1033(402)
845(156)
787(170)
764(123)

0.94(0.14)
0.96(0.15)
0.91(0.13)
0.96(0.13)

0.41(0.12)
0.43(0.11)
0.43(0.10)
0.41(0.09)

1.2(0.17)
1.14(0.08)
1.12(0.08)
1.21(0.09)

270(97)
249(62)
235(73)
227(69)

2.53(0.62)
2.47(0.59)
2.61(0.56)
2.79(0.69)

276(93)
248(43)
232(50)
229(69)

623(232)
676(293)
599(130)
627(171)

531(153)
484(89)
457(109)
446(119)

892(254)
926(287)
834(169)
854(215)

1.07(0.46)
1.03(0.23)
1.05(0.25)
1.04(0.26)

0.5(0.24)
0.45(0.13)
0.45(0.13)
0.39(0.09)

1.17(0.10)
1.1(0.13)
1.09(0.10)
1.15(0.08)

272(75)
256(56)
228(54)
230(57)

2.31(0.53)
2.34(0.55)
2.47(0.53)
2.72(0.58)

278(72)
250(53)
255(54)
239(51)

777(302)
752(208)
661(220)
666(301)

536(133)
494(90)
472(97)
458(95)

1049(356)
1008(241)
889(264)
896(338)

1.01(0.20)
1.08(0.26)
0.92(0.16)
0.98(0.19)

0.41(0.10)
0.43(0.08)
0.41(0.09)
0.42(0.10)

1.09(0.11)
1.04(0.09)
1.05(0.07)
1.14(0.07)

Inflection
point
(ms)
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Figure 5.10 Finger accuracy distributions (a) and individual endpoints (b) plotted for
each starting postural configuration for all participants. a. For each laterally placed
target, 95% confidence ellipses were constructed for comparison of precision across
postural configuration (SIT: dotted; STAND: filled; NARROW: large dash; BEAM:
small dash). Red crosses represent the position of the remembered target position.
Trials representing greater eccentricities (i.e. 38°) are shown in grey, while smaller
eccentricities (23°) are shown in black. The remembered target position is shown
(filled oval – 130% reach distance) with additional marks at 10% increments
(dashed).
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Table 5.2 Finger accuracy measures across postural configurations and directions of
reach.

5.10

Initial Finger
error (°)

Endpoint Finger
error (°)

Finger Trajectory
Curvature

SIT
contra40
contra20
ipsi20
ipsi40

-4.05(11.36)
-1.06(11.23)
-0.81(9.05)
-3.64(7.39)

1.66(7.65)
0.64(6.23)
0.48(6.55)
1.03(5.32)

0.068(0.033)
0.065(0.026)
0.054(0.022)
0.05(0.026)

STAND
contra40
contra20
ipsi20
ipsi40

2.33(11.37)
1.26(9.68)
3.19(8.92)
2.19(8.17)

4.81(4.13)
3.81(4.00)
5.02(4.17)
8.15(4.79)

0.081(0.041)
0.073(0.036)
0.056(0.028)
0.059(0.029)

NARROW
contra40
contra20
ipsi20
ipsi40

-0.99(7.55)
3.94(10.53)
0.9(9.77)
-1.41(10.44)

3.3(5.02)
4.53(5.16)
1.73(5.97)
2.36(8.86)

0.07(0.020)
0.069(0.027)
0.06(0.022)
0.063(0.018)

BEAM
contra40
contra20
ipsi20
ipsi40

-1.06(8.06)
2.77(11.72)
2.39(12.61)
0.98(9.18)

1.03(3.57)
5.64(7.53)
3.9(7.99)
5.87(8.57)

0.072(0.024)
0.063(0.020)
0.058(0.025)
0.058(0.024)

Discussion
By altering the configuration of the BoS on which whole-body reaching

movements were executed, this study aimed to examine whether preparatory activity
would change based on a functional role geared towards movement progression or
postural stability goals aimed to reduce CoM displacement. It was predicted that if
stability was the primary concern in the production of APAs, the ‘sign’ of muscle
activity would change as balance requirements were increased. That is, for the stable
postures of SIT and STAND, muscles would have preferential activity for movement
to one side of the body, which would alter to the opposite side under the NARROW
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and BEAM configurations. In contrast, the presence of robust spatial tuning patterns
and lack of distinct changes in the timing of muscle activity in the present study
suggest that APAs are recruited in a similar fashion, regardless of posture. If we
consider the functional outcomes of this ‘tuned’ muscle activity, it has the capacity to
provide the necessary dynamics to progress movement towards the desired target.
While examined only for a subset of muscles from different segments of the
postural chain (i.e. lower limb and trunk), the idea that APAs create the dynamic
conditions for movement is further supported by the evolution of CoM displacement
prior to and during the initial stages of movement (up to peak finger velocity). If
musculature not tested in the current paradigm was responsible for producing counter
rotatory segmental torques in preparation for the upcoming self-inflicted perturbation
to balance, it would be assumed that this would manifest itself in changes to CoM
displacement and trajectory, such that the CoM would have been ‘retained’ in a
stationary position. CoM displacement is traditionally considered to be a primary
controlled variable in APA production and in parallel control theories of mechanisms
that dictate CNS control of postural and movement goals (Massion, 1992; Yakovenko
and Drew, 2009). Also, it is important to state that such spatial tuning was present
despite the fact that the directional (or mediolateral) component of movement was
much less prominent than the forward (or antero-posterior) displacement needed to
reach the target. While participant-specific evidence of this strategy is visible just
prior to movement (e.g. blue profiles TibAnt – Figure 5.4), if APA production were
simply a by-product of task constraint (i.e. anterior displacement of the body), one
would expect that the tuning of preparatory muscle activity would not show any
direction dependence, or that such direction dependence would be stabilising in
nature.
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The undershooting of remembered targets has been reported previously (Heath
and Binsted, 2007), but it is surprising that in our study this was only evident for the
more

challenging

postural

configurations.

Participants

were

given

some

familiarisation of the task; however, it is important to note that this was not to
promote accuracy of movement per se, but employed to ensure that a whole-body
beyond arm reaching strategy would be utilised. It was postulated that a beyond-reach
target would implicitly ensure that the intention behind the programming of
movements would remain similar. In fact, the consistency of spatial tuning and timing
of APAs in the current study, coupled with the future alteration of finger kinematics
suggests that participants most likely undertook a strategy that was movement rather
than stability based.
Is the stereotyped nature of APA production responsible for eventual
inaccuracies of the arm as postural challenge is altered? For intra-limb APAs, their
appropriate tuning is key in producing accurate movements (Caronni et al., 2013;
Cavallari et al., 2016). While endpoint accuracy clearly changed as a consequence of
standing within the current experiment, when we consider the area bounded by the
95% confidence ellipses (Figure 5.10a), the precision of the movements across
postural configurations remained similar. If considered alongside the presence of
stereotyped curvilinear finger trajectories and deviations away from the target in the
initial stages of the reach, these arguments align with the notion that the accuracy of
the remembered target is a central process planned prior to reaching onset (Soechting
and Flanders, 1989). Therefore, it would suggest that inaccuracies likely stem from an
interaction between the remembered nature of targets, the importance placed on
accuracy, and the postural configuration. As the direction and extent of reaching is
thought to be planned and reconciled in parallel over time (Messier and Kalaska,
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1999), one could argue that under a lack of explicit task constraints (via instruction of
movement), a stereotyped preparation of movement is desirable to reduce the
complexity of motor planning. How does this account for the upcoming instability
under greater postural constraints?
5.10.1

Are APAs programmed based on a perception of instability?
What these results suggest is that the CNS does not program APAs based on

the perceived instability caused by an upcoming movement. However, the kinematics
suggest that the instability is in fact present. This is supported by the significant
reduction in total CoM displacement (Figure 5.8), and undershoot of remembered
finger endpoint (Figure 5.10 and Table 5.1) observed for the standing postures that
challenged stability (e.g., NARROW, BEAM). These may represent manifestations of
the planning of the direction and extent of movement occurring over time (Messier
and Kalaska, 1999). Alternatively, the total progression of CoM displacement leading
up to peak velocity of the finger did not show significant changes across postures.
Considering that this period is programmed prior to movement onset and primarily
feed-forward in nature (Gribble et al., 2002), it suggests that the stereotyped APAs
represent the ensuing CoM displacement necessary for movement generation. It
would also suggest that the arm (and by extension CoM) ultimately move less as a
function of postural configuration in order to protect stability and this occurs once
feedback of the movement becomes available towards the terminal phases of
reaching. This may be part of a conservative strategy (Gribble et al., 2002), whereby
the absolute magnitude of preparatory activity is modulated to allow for future online
corrections of movement to be made. This may explain why significant changes to
peak finger velocity were present for both the NARROW and BEAM configuration.
The lack of kinematic changes for the finger between the SIT and STAND
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configurations suggests that the mechanical challenges associated simply with
standing may be well accounted for by the CNS. This is supported by previous work
for perturbed and unperturbed reaching (Hua et al., 2013).
5.10.2

Do APAs relate to the speed rather than displacement of movement?
We have shown that significant differences in the total displacement of the

CoM and finger remain across postures, despite robust APA tuning. Alternatively,
one could argue that displacement is not the primary determinant of APA production
in naturally paced movements. Therefore, a self-selected speed of movement may not
produce a large enough perturbation to require an anticipatory stabilising strategy. In
fact, a number of studies have provided evidence to support the specificity of APAs to
changes in amplitude (Aruin and Shiratori, 2004; Kaminski and Simpkins, 2001),
speed (Horak et al., 1984; Mochizuki et al., 2004) and direction (Aruin and Latash,
1995a) of the ensuing movement. While the peak velocity of movements within the
current study did change as a function of posture, it is important to place our results
within the context of similar whole-body reaching studies. For example, in the current
study movements generally took ~900 ms (average range MT: 763 – 1049 ms;
average range Vel: 2.31 – 2.92 m/s). When compared to results within our own
laboratory using a similar paradigm (with the notable differences of physical vs.
remembered targets and greater range of target directions) movement time and peak
velocities were relatively quicker and faster respectively (MT = 746 - 881 ms,
Leonard et al., 2009; MT = 627 – 1190 ms, Vel = 1.1 – 2.2 m/s, Hua et al., 2013; MT
= 740 – 940 ms, Vel = 1.4 – 3.8 m/s, Stamenkovic and Stapley, 2016). Further
comparison with reaching during classic seated scenarios and whole body reaching
place our results well within the norms of typical movement speeds, even under
reaction time (or ‘as fast as possible’) movement instructions (seated: Vel ~ 1.8 – 2.2
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m/s, Kaminski et al., 1995; Vel: fast = 3 – 4 m/s, semi-fast = 0.8 – 1.2 m/s, Kitazawa
et al., 1997; Vel: slow = 0.2 – 0.4 m/s, natural = 1.5 – 2 m/s, fast = 2 – 3 m/s, Messier
et al., 2003; Vel: slow ~1.5 m/s, fast ~3 m/s, Pigeon et al., 2003; whole-body
reaching: MT = 710 ms, Vel = 2.02 m/s, Berret et al., 2009; MT = 830 ms, Vel =
1.98 m/s, Chiovetto et al., 2010; MT: normal BoS = 800 ms, reduced BoS = 760 ms,
Vel: normal BoS = 1.54 m/s, reduced BoS = 1.48 m/s, Fautrelle et al., 2010; Vel:
without trunk movement ~ 4 m/s, with trunk movement ~ 2 – 3 m/s, Ma and Feldman,
1995). Whilst it is difficult to determine the point of partition between posture and
movement, the greater speeds of movement seen across even the most challenging of
postures would infer that APAs are designated to produce the dynamics of the
upcoming movement, at least in the current task.
5.10.3

Implications for whole-body motor preparation
Considering the functional role of the spatiotemporal characteristics of

preparatory muscle activity in the current study, an argument can be put forward for
the integration of posture and movement commands. The relative spatial tuning
reflects previous findings for reaching during stance in both the lower limb (Leonard
et al., 2009) and trunk (Stamenkovic and Stapley, 2016), whereby a global command
was hypothesised to drive movement initiation. When coupled with the average
timing of initial muscle activation, a disto-proximal sequence of activation is seen
(Bonnetblanc et al., 2004) that also aims to promote anterior displacement of the
CoM. Further evidence lies in investigating whether muscle activity was “better
related to the movement or the stimulus that initiates the movement” (Schepens and
Drew, 2003, Yakovenko and Drew, 2009). This allowed for a determination of
whether focal and postural components could be parsed out as stability requirements
were altered across postures. Ultimately, the greater proportion of relationships where
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muscle activations were linked with movement onset strengthens the notion for the
integration of posture and movement commands. On the other hand, muscle
inhibitions (when present) tended to correlate with the stimulus to move rather than
the movement itself (see Figure 5.6, inset)
This decoupling from the focal movement has been observed prior to reaching
in the cat and may support an independent posturally driven command (Figure 1.3,
see pAPA in Figure. 16 of Schepens and Drew, 2003). While inhibition of posterior
musculature during arm raising and reaching has previously been observed (Aruin,
2003; Aruin and Latash, 1995a; Aruin et al., 1998; Bouisset and Zattara, 1981; de
Wolf et al., 1998; Stapley et al., 1999), it has also been implicated in roles supporting
the generation of movement (Stapley et al., 1999). Therefore, the muscle inhibition
and activation in the current study point towards a role in creating the dynamics
necessary for movement initiation. Within the current study, preparatory muscle
activations (e.g. aAPAs in Schepens and Drew, 2003) may have remained unaltered
as stability was achieved through co-contraction of distal muscles around the ankle
providing increased joint stiffness (i.e. ankle strategy - Horak, 2006). Yet what do the
initial modulations in tonic activity (i.e. inhibitions) occurring prior to movement
initiation represent? Based on their timing and correspondence to stimulus onset (see
Figure 5.6, inset), they most likely reflect pAPA commands described by Schepens
and Drew (2003). Does this represent an overlapping of a movement-based motor
program on to new reference (or baseline) activity required for balance? When APAs
have been examined across different postures there has been evidence that the
functional organisation of adjustments may be divided into two components
(Forssberg and Hirschfeld, 1994; van der Fits, 1998). The first component produces a
spatially tuned response, which specific temporal and task-related features can be
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overlayed on to (Forssberg and Hirschfeld, 1994). This follows closely with the
findings of the current study, where the necessity for anterior displacement regardless
of target is achieved by appropriate inhibitions on to which fine-tuned APAs can then
be enacted. Another alternative is that the consistency in APA production across
postural configurations is based on the spatial information already provided to the
participant, as targets were to remembered positions.
5.10.4

Conclusion
The current study has provided evidence that robust preparatory muscle

activity with similar spatiotemporal characteristics, persisted across postural changes
that altered stability requirements. This occurred despite alterations to reaching
kinematics and complemented displacement of the CoM in line with the desired
target. This suggests that during voluntary reaching with the upper limb when
standing, APAs are not tied to balance constraints. Instead, APAs create the necessary
dynamics for movement, further supporting an alternative theory to their traditional
role in posture and movement coordination.
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Chapter 6:
Do postural constraints affect eye, head and
arm coordination
Submission under review in the Journal of Neurophysiology; Stamenkovic A,
Stapley PJ, Robins RK, Hollands MA (2018) Do postural constraints affect eye, head
and arm coordination.

6.1

Background
Chapter 6 includes the manuscript of the fourth experimental study of this

dissertation that has been re-submitted for review within the Journal of
Neurophysiology. This study was designed to address Specific Aim 2 (SA2 c - see
Section 1.7) in understanding the role that posture plays in the planning of visuomotor
and whole body movement components during goal-directed reaching.

6.2

Rationale
In the previous experimental chapters (Chapters 4 and 5), preparatory motor

strategies have been shown to remain robust despite changes in both movement or
balance goals that aim to alter the interaction between centre of mass (CoM) and the
base of support (BoS). Considering that head kinematics were the first movement to be
seen at, or prior to whole-body reaching (see Figure 3.4 in Chapter 3), could the
stereotypical patterns of preparatory activity observed in Chapter 5 simply be to
optimise visuomotor goals? This is because necessary coordination between eye and
head movements is crucial in obtaining accurate spatial information of the target. These
two findings underpinned a new inquiry into the relationship between the well-defined
roles of visuomotor control, whole body movement control and the influence of posture
during goal-oriented reaching.
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6.3

Main Findings
The results of Chapter 6 highlighted that despite differences in stability

requirements (see Chapter 5, Figure 5.7) a range of visuomotor metrics, including eye
and head onset latency, contributions to gaze displacement and gaze accuracy remained
robust to alterations in posture. Furthermore, increases in head rotation during reaching
and strong relationships between head and arm onsets implicate head displacement as a
key variable for reach execution. These findings support the hypothesis set forth in H2ii (see Section 1.7) and suggest that the CNS can account for changes in posture without
decrement to the timing or accuracy of gaze initiation. In fact, the incorporation of
postural constraints may be a consequence of CNS control in adopting a whole-body
gaze strategy (where posture subserves the goal of gaze) to initiate movement. It is
plausible that such a strategy is driven by head displacement, especially in consolidating
gaze and reach control mechanisms.
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6.6

Abstract
When standing or adopting challenging postures, it is unclear whether changes

in attentional demands or sensorimotor integration necessary for balance control,
influences the interaction between visuomotor and postural components of a wholebody reaching task. Is gaze control prioritized by the CNS to produce coordinated eye
movements with the head and whole-body regardless of movement context?
Considering the coupled nature of visuomotor and whole-body postural control during
action, this study aimed to understand how changing stability requirements (elicited
through changes to the quality of the base of support afforded by differing postural
configurations) influenced the initiation of eye, head and arm movements. We
quantified the timing of eye, head and arm movements as participants executed either
isolated gaze shifts or whole-body reaching movements to visual targets. In total, four
postural configurations were compared: seated, natural stance, with the feet together
(narrow stance), or while balancing on a wooden beam. Contrary to our initial
predictions, the lack of distinct changes in: eye-head metrics, timing of eye, head and
arm movement initiation, and gaze accuracy, in spite of kinematic differences,
suggests that the CNS integrates postural constraints into the control necessary to
initiate gaze shifts. This may be achieved by adopting a whole-body gaze strategy,
driven by changes in head displacement that allows for the successful completion of
both gaze and reaching goals.
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6.6.1

New and noteworthy
Differences in the sequence of movement between the eye, head and arm have

been shown across various paradigms during reaching. Here we show that distinct
changes in eye characteristics and movement sequence, coupled with stereotyped
profiles of head and gaze movement are not observed when adopting postures
requiring changes to balance constraints. This suggests that a whole-body gaze
strategy is prioritized by the CNS with postural control subservient to gaze stability
requirements.

KEYWORDS: visuomotor; eye head arm coordination; posture; balance; reach
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6.7

Introduction
For visually-guided reaching, the central nervous system (CNS) must integrate

visual, vestibular and proprioceptive sensory signals to produce an effective
movement involving the eyes, head, body and the arm. For this, the CNS must
consider well-established relationships between the eye-head, eye-arm and wholebody postural control. For example, reflexive mechanisms of eye-head control (in
particular, the vestibulo-ocular reflex, VOR) are used to reduce retinal slip and
maintain foveal vision, yet must be complemented by destabilizing gaze shifts (the
combination of eye and head displacement in space) for the rapid fixation of stimuli
that lie in the peripheral visual field. Such gaze shifts allow for accurate target
foveation,

underpinning

eye-arm

coordination

and

the

necessary

spatial

transformation of stimuli from visual (eye-centered) coordinates into an appropriate
frame of reference for movement to be initiated (e.g. body-centered, arm-centered or
an intermediary coordinate reference frame – Crawford et al., 2004). When reaching
is executed during standing, eye, head and limb coordination depends on the CNS
providing a stable postural base.
Vision can also play a role in postural stability, although the precise
mechanisms remain unclear (Guerraz and Bronstein, 2008). Initially, the retinal slip
induced by postural sway (a central vision process) was thought to be the primary
mechanism (Paulus et al., 1984). However, recent evidence has pointed to a greater
role of proprioceptive extra-retinal signals, acting either through reafference or
efference copy of extra-ocular motor signals (Glasauer et al., 2005; Guerraz and
Bronstein, 2008; Strupp et al., 2003). Despite the general acceptance that vision
impacts postural stability, whether postural demands can have a reciprocal effect upon
vision, and more specifically the execution of gaze shifts, is less clear. For example,
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when the head is stable vestibular signals encode movement of the body (as a function
of postural sway) rather than head on body movements. These signals can be utilized
for postural control (Strupp et al., 2003) with the maintenance of the eye (and visual
stability) occurring via VOR. However, if postural instability in present in addition to
an active head movement (much like during activities of daily living), eye-head
stabilizing mechanisms, such as the VOR, are likely to interfere with the production
of a correct gaze response (Daye et al., 2014; Haji-Abolhassani et al., 2016).
Therefore, some integration of whole-body posture, eye and head movement must be
required to maintain both the timing and accuracy of gaze shifts during whole-body
movements.
Research on visuomotor coordination has been predominantly restricted to the
seated position, dramatically reducing any impact of postural instability on arm or
gaze control. From this, two main theories of gaze control have been proposed: the
first involves gaze being driven by feedback-mediated signals derived from gaze
motor error (Boulanger et al., 2012; Guitton et al., 2003), while the second proposes
that signals for the eye and head are modulated independently (Freedman and Sparks,
1997; Phillips et al., 1995). The latter has attempted to account for the changes that
occur in the ‘main sequence’ characteristics of saccades when unrestrained head
movements are incorporated into gaze (see Freedman, 2008). Which mechanism
holds when additional segments that accompany changes in posture are also
introduced into the gaze shift? When gaze has been examined under greater freedom
of movement (e.g. unrestrained whole-body movements such as turning), a top-down
approach encompassing a coordinated whole-body contribution to gaze shift is
observed (Anastasopoulos et al., 2015; Hollands et al., 2004; Scotto Di Cesare et al.,
2013; Sklavos et al., 2008), and hypothesized to be driven by a separate head
~ 193 ~

displacement controller (Anastasopoulos et al., 2015). While the CNS is able to
simplify this control through kinematic synergies (Anastasopoulos et al., 2009), a
consequence is a subsequent delay in gaze shift initiation when posture is altered
(Scotto Di Cesare et al., 2013). Such delays are suggested to allow additional time to
incorporate associated anticipatory postural adjustments (APAs) and reconcile more
moving segments into the motor program (seated vs. standing axial rotations - Scotto
Di Cesare et al., 2013).
If gaze control comprises a separation of eye and head signals during wholebody movement then there lies a possibility that the addition of postural constraints
and an arm movement could alter a preference for eye-head, eye-arm or head-arm
coordination. Such is found when the sequence of eye, head and arm onsets are
examined under a variety of experimental conditions (eye-head: Fuller, 1992;
Zangermeister and Stark, 1982; eye-head-arm: Carnahan and Marteniuk, 1991; Pelz et
al., 2001; Smeets et al., 1996). During coordinated reaching, modifications to this
sequence are thought to reflect the reorganization of supraspinal postural control
mechanisms (and a corresponding rise in corticospinal activity) associated with
incorporating the arm movement (Herman et al., 1981). Whether altering posture and
the requirement to incorporate balance manifests itself through a dissociation of the
eye and head movement for a more preferential head-arm coordination strategy seen
during goal-directed reaching (Pelz et al., 2001), is unknown.
Postural demand may also influence eye-head-arm coordination through the
competition of attentional resources. Attention is important for the control of saccades
(Kowler, 2011), and when coupled with the decrements in maintaining posture (e.g.
an increase in postural sway) during dual-task paradigms, suggest that re-allocation of
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attentional resources may be essential for balance control (Kerr et al., 1985; Lajoie et
al., 1993). Importantly, regions within the posterior parietal cortex are associated with
both spatial attention and reach planning, in particular, the spatial transformation of
eye-to-arm centered coordinates (Crawford et al., 2004). If the cognitive control of
balance increases with additional postural constraints on stability, these may manifest
themselves in the production of eye movements. For example, increased eye onset
latency may reflect changes akin to those seen when cognition is required for correct
saccade production (e.g. during an anti-saccade task - Munoz and Everling, 2004).
Further downstream, supraspinal centers within the brainstem integrate both
descending and ascending signals during voluntary reaching (Schepens et al., 2008;
Stapley et al., 2010) and other postural activities (Inglis et al., 1994; Stapley and
Drew, 2009). Considering that certain nuclei of the reticular formation (pontine
nucleus pars caudalis and pars oralis) house neurons of the saccadic burst generators
(e.g. short latency excitatory burst neurons - Haji-Abolhassani et al., 2016) and are
linked to the production of feed-forward driven APAs (Sakai et al., 2009; Schepens
and Drew, 2004), it is reasonable to postulate that increasing postural constraints and
the need for balance control may affect the timing and coordination of the eye, head
and arm as reaching is initiated.
How are the behavioral and neuroanatomical relationships between the eye,
head and arm (required for planning and executing gaze and reaching) coupled with
the inherent necessity for whole-body postural control to ensure stability? By altering
postural configuration for simple gaze shifts and coordinated whole-body reaching
movements, we aimed to assess the role of posture upon the timing and sequence of
eye, head and arm initiation. It was hypothesized that increased requirements of
sensorimotor integration or an addition of attentional demands may act to delay the
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onset of eye, head and arm initiation until the postural component is rectified.
Alternatively, eye initiation may be facilitated with challenges to balance in order to
produce a fast re-anchoring of gaze.

6.8

Methods

6.8.1

Participants
Eleven healthy participants (8 male, 3 female; age: 24.3 ± 2.2 years), with

normal (or corrected to normal) vision, and without any known neurological or
orthopedic impairments were recruited from the Liverpool John Moores University
student population. Participants gave their informed consent for all experimental
procedures and local institutional ethical approval (14/SPS/021) was granted in
accordance with the Declaration of Helsinki (1975). Hand dominance was selfreported with four of the 11 participants identifying as left-handed. Therefore, all
measures of direction are reported in relation to the dominant (i.e. reaching) arm.
6.8.2

Experimental apparatus & configuration
The experimental configuration is shown in Figure 6.1a. Participants stood

barefoot facing a blank screen on which five circular targets (diameter: ~3°) were
projected. Targets were positioned at an eccentricity of 23° and 38° on either side of a
central target situated along the midline of the participant. The central target was
placed at a distance of 2.35m and at the participant’s shoulder height. As the aim of
this study was to assess the impact of different postural configurations on eye, head
and arm sequencing, we asked participants to reach to a practiced and remembered
distance in space as opposed to a physical target that may have provided support upon
movement termination. Indeed, the effect of even light touch on balance is well
documented (Clapp and Wing, 1999; Jeka, 1997) and so prior knowledge of a
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physical target could have influenced movement preparation strategies. The practiced
target distance corresponded to 130% of each participant’s outstretched arm length
(measured from the xiphoid process to the tip of the reaching index finger, with the
shoulder in neutral scapular retraction and arm extended), a distance adopted as it
involves a significant postural component without placing a person beyond their limit
of stability (Leonard et al. 2009).
A familiarization procedure for reaching to the practiced target distance was
conducted on two separate occasions. Feedback was given during an initial
anthropometric measurement and familiarization session the day before data
collection, and preceding each block of recorded postural trials during the main
experimental period. A minimum of 5 reaching trials were conducted for each
direction during the initial familiarization period and prior to the experimental
recording period to ensure a whole body reaching movement was produced.
Three-dimensional kinematics were recorded using an 8 camera Bonita motion
capture system (Vicon, Oxford, U.K) sampling at 200 Hz. Thirty-nine passive retroreflective markers were attached to distinct anatomical landmarks as detailed in the
Vicon “PlugIn Gait” model. Horizontal eye movements were recorded using a
wireless electrooculography (EOG) system (Bluegain, Cambridge Research Systems,
U.K) sampling at 1,000 Hz. Silver/silver chloride (Ag/AgCl) electrodes (Neuroline
700, Ambu®) were aligned with the outer canthus of each eye and a ground electrode
was positioned centrally on each participant’s forehead. Target illumination
parameters and synchronization signals for both EOG and Vicon data streams were
controlled by a customized program written in LabVIEW (National Instruments,
Austin, TX).
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Figure 6.1 Apparatus (a), postural
configurations

(b)

and

angle

conventions (c) used within the current
experimental configuration.
a. Participants were placed in front of a
wall-mounted projection screen on
which

five

visual

targets

were

displayed: a central fixation target and
a target located 23° and 38° on the
same side (ipsilateral) and opposite
side (contralateral) to the reaching arm.
b. Participants were either seated (SIT)
or standing (STAND, NARROW,
BEAM) with their midline aligned
perpendicular to the central ‘fixation’
target. Targets were aligned with eyelevel and illuminated in a pseudorandomized order. For LOOK trials,
participants made gaze shifts to fixate
upon

the

illuminated

target.

For

REACH trials, participants were made
to reach to, and hold a ‘remembered
target’ position in space aligned with
the illuminated target (distance = 130%
reaching arm length). c. Schematic
representation of the absolute ‘inspace’

and

relative

‘on-segment’

rotations calculated for interactions of
the

eye,

segments
procedure.
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6.8.3

Experimental procedures
All target positions were visible throughout the experimental protocol and

participants began by fixating upon the central target. They were asked to either look
in the direction of a target that became illuminated on the screen (‘LOOK’ trials) or
make a reaching movement with the dominant arm (‘REACH’ trials) under four
separate postural configurations: 1) ‘SIT’, 2) ‘STAND’, 3) ‘NARROW’ stance, and
4) ‘BEAM’ (Figure 6.1b). The order of task conditions (REACH vs. LOOK) within
each postural configuration block was pseudo-randomized. Additionally, the order of
postural configurations was also randomized between participants to nullify any
differences due to blocked experiential learning.
Mediolateral stance width remained identical for three of the four
configurations (SIT, STAND and BEAM) and was determined by taking the average
distance between medial malleoli of the ankles after three 15 m walking trials at the
participant’s preferred walking speed. For the NARROW posture, the feet were
placed together such that the medial malleoli of the two ankles touched. For SIT
trials, a stool with no back support was used to allow for neutral vertebral and
shoulder position and a constant 90° knee flexion. During the BEAM configuration,
participants stood on a wooden beam (dimensions: 800 mm length x 80 mm height x
80 mm width) aligned with the approximate center of the ankle joint (line between the
medial and lateral malleoli). This was to ensure that the feet did not touch the ground
for support throughout the entirety of the reaching movement and that the base of
support was reduced in the antero-posterior plane.
For all conditions, trials began with the index finger of the reaching arm
touching the xiphoid process and the shoulders parallel to the projection screen. The
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position of visually projected targets was adjusted to eye-level for all postural
configurations with the center of the sternum aligned with the central target (see
Figure 6.1a). Initial quiet stance was monitored visually and stable eye position was
checked using the real-time EOG signal. Participants were instructed about the type of
upcoming trial (‘LOOK’ or ‘REACH’) just prior to trial onset. After a random time
delay of 500 to 2000 ms, a target light illuminated and participants either reached or
looked to the illuminated fixation target. For LOOK trials, participants were
instructed to alter their fixation from the central target to the illuminated target and
maintain this position until instructed to return fixation to the starting central position.
No instructions regarding sole eye or combined gaze movements were given to
participants. For REACH trials, participants were instructed to move at a natural pace
and to maintain the index finger at the perceived end point until instructed to return to
the initial position. No other instructions were given as to how the movement should
be conducted. A collection period totaling 3s captured all relevant data within each
trial. Five repetitions for ‘LOOK’ and ‘REACH’ conditions were recorded for each
target direction (including the midline), plus an additional 10 trials, for which no
target illuminated (n = 50 trials + 10 ‘catch’ per postural configuration). This reduced
the possibility that movements were initiated before light onset. To counteract any
fatiguing effects of the procedure, participants received 5 min rest periods between
configuration blocks.
6.8.4

Data analysis
All analyses were completed offline using customized scripts created within

the MATLAB (ver. R2013b, The Mathworks, Natick, MA) environment. Kinematics
were low-pass filtered using a dual-pass second order Butterworth algorithm at 20 Hz.
In line with eye position recordings during whole-body movement (Anastasopoulos et
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al., 2009; Scotto Di Cesare et al., 2013), eye position data was low-pass filtered with a
5th order polynomial Savitzy-Golay algorithm used to conserve the higher frequency
aspects of the initial acceleration of the eye movement.
EOG calibration and movement onsets. Calibration of raw eye signals to a
horizontal Eye-in-Head angular position was carried out using the VOR mechanism
and was undertaken prior to each postural configuration block. Briefly, the head was
rotated through a field of ± 30 - 40° while participants maintained visual fixation
upon the central target. As the gain between the head movement and compensatory
eye movements during the VOR is close to 1, a linear regression of the EOG signals
(recorded as a change in voltage) and Head-in-space position (recorded as a change in
angular displacement via kinematics) can be used to convert the analog EOG
recording to an Eye-in-Head position (in degrees). The calculated regression
coefficient (i.e. slope) can then be used to determine Eye-in-Head position during
experimental trials (Hollands et al., 2004; Reed-Jones et al., 2009). When combined
with Head-in-space position, a measure of gaze location (or, Eye-in-Space position)
could be deduced. Figure 6.1c illustrates the absolute (‘in-space’) and relative (‘onSegment’) segment angular rotations calculated for the eye, head, trunk and pelvis.
Eye onset was determined using an angular velocity threshold of 30°/s (Daye
et al., 2014; Pélisson et al., 2001). This was compared to other velocity measures (e.g.
20°/s, 3% and 5% peak eye velocity) with minimal variation in onset detection
(average difference = 2 ms). A velocity threshold of 15°/s was applied to determine
head onset (Daye et al., 2014). All onsets were confirmed or adjusted based upon
visual inspection of their respective position profiles (Teasdale et al., 1993). Trials
with eye onsets which occurred within 100 ms from target illumination or after 800
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ms were removed from further analysis (Munoz et al., 1998); this equated to the
exclusion of ~4.8% of all trials, which closely aligned with a previous report for adult
saccade latencies (Yang et al., 2002).
Key kinematic events relating to the arm component of the reaching movement
(within the ‘REACH’ trials) were determined using the bell-shaped tangential
velocity profile of the index finger due to the curvilinear nature of the trajectory seen
throughout the movement. Five percent of the peak velocity was used as an onset
threshold, with movement initiation being the first value exceeding this threshold and
movement termination being the first reduction below this threshold following the
movement. This allowed for a robust measure of finger movement onset (Sainburg
and Schaefer, 2004).
6.8.5

Statistical analysis
Statistical analyses were conducted using the SPSS statistical package (ver. 21,

IBM, OR, USA) or within the MATLAB environment (ver. R2013b, The Mathworks,
Natick, MA). Data were assessed for normality using Shapiro-Wilk testing. Eye
onsets were positively skewed and subsequently inversely transformed for all
statistical analyses. It is well established that amplitude (or the absolute eccentricity of
eye movements) influences eye-head metrics and was not a primary interest in this
study. Therefore, the dataset was split to compare all 38° and 23° degree trials. Eyehead metrics were examined using a 2x4x2 design repeated measures ANOVA
(TASK x POSTURE x TARGET). For reaching trials, differences between postural
configuration and direction of movement were analyzed using a 4x2 repeated
measures ANOVA (POSTURE x TARGET). Greenhouse-Geisser adjustments to the
degrees of freedom were used if violations of sphericity were observed. Additionally,
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to control for the potential increase in the familywise error rate present in undertaking
multiple ANOVAs on related variables (e.g. eye-head metrics, kinematics), p-values
for main effects and interactions were adjusted using the sequential Bonferroni
method (i.e. Bonferroni-Holm correction) before further post-hoc testing (Cramer et
al., 2016). Post-hoc analyses were subsequently conducted using pairwise
comparisons with Bonferroni’s adjustment.
Correlations between onsets for the eye-head, eye-finger and, head-finger were
examined using a Type II major axis regression to account for the independent error
within each measurement (when compared to the ordinary least squares regression Smith, 2009). To test whether particular relationships between movement onsets (i.e.
eye-head, eye-finger, head-finger) changed as a function of posture and direction (i.e.
co-varied on a trial-by-trial basis), significance testing was undertaken on correlation
and regression coefficients (i.e. slope). Coefficients were first normalized using
Fisher’s z-transformation, with the difference between z-transformed coefficients
compared to a critical Z-score (e.g. Zcrit = 1.96 is associated with p = 0.05 - Suzuki et
al., 2008; Weaver and Wuensch, 2013). To account for multiple comparisons,
Bonferroni adjustments were applied (such that Zcrit = 3.20, p < 0.0007) prior to
significance being calculated according to the following formula:

Z calc 

Z1  Z 2
1
1

n1  3 n2  3

Z calc  Z (1.96) , H0 accepted
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6.9

Results
During the initial stages of analysis it became evident that the incorporation of

a head movement (especially for the LOOK instruction) showed distinctly different
patterns on a subject-by-subject and trial-by-trial basis for movements to the smaller
eccentricity of 23°. As conclusions relating to the question of eye, head and arm
coordination could not accurately be assessed for these trials the following section
will focus on results pertaining to movements occurring to the greater eccentricity 38°
targets only (Figure 6.1a), which always required a combined eye and head response
(despite being within the upper range for pure saccadic eye movements).
6.9.1

Qualitative features of eye, head and gaze movements across postural
configurations.
Figure 6.2 represents mean angular displacements and velocities of the eye,

head and gaze (i.e. combined eye and head angular displacements) for a single
representative participant (S01) to the ipsilateral 38° target. Between postural
configurations, eye, head and gaze profiles showed a stereotyped pattern of
progression during the initial period of movement, between eye initiation and its
termination at the new fixation position (see Figure 6.2, ~450 ms after light onset).
Interestingly, mean traces for gaze shifts (LOOK task) in the NARROW and BEAM
conditions showed an initial undershoot of the target by the primary saccade requiring
a secondary corrective saccade to achieve fixation upon the target. This was less
evident during reaching. In both tasks (LOOK and REACH), the eye showed a
counter-rotatory torque (indicated by the negative-sign velocity undershoot of varying
intensity post peak velocity) that allowed for the maintenance of a consistent bellshaped gaze velocity profile.
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Figure 6.2 Mean angular displacement and velocity profiles for the eye (black, solid),
head (black, dashed) and gaze (black, dotted) for a representative participant (S01).
Differences between simple gaze fixations (LOOK, left panels) and whole-body
reaching movements (REACH, right side panels) to the 38° ipsilateral target are
shown for each postural configuration and are relative to light onset (Time = 0).
Shaded areas surrounding mean traces represent inter-trial variability (± 1 standard
deviation).
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6.9.2

Influence of reaching movements on eye-head metrics
Eye metrics. Population results (n = 11 subjects) for measures of eye-head

metrics including eye onset latency (Figure 6.3a), peak eye velocity (Figure 6.3b),
saccade duration (Figure 6.3c) and eye amplitude contribution to gaze (Figure 6.3d)
did not differ statistically across task (REACH vs. LOOK) or postural configurations
(see Appendix F – Table 1). This was despite reaching movements to targets
generally eliciting slightly longer eye latencies compared to LOOK trials (Figure
6.3a), an exception being during ipsilateral reaching in the SIT and BEAM
configurations (see Figure 6.3a SIT and BEAM). Also, the slightly increased eye
onsets observed in the contralateral and ipsilateral reaching trials of the NARROW
and BEAM configurations coincided with decreases in peak eye velocity compared to
the stable seated (SIT) and natural stance (STAND) configurations. However, this did
not seem to influence the duration of the saccade (Figure 6.3c with the exception of
NARROW, which may be due to its greater variability), or the contribution of eye
movement to total gaze displacement (Figure 6.3d). In fact, eye metrics for ipsilateral
gaze shifts (i.e. LOOK) were fairly consistent across postures with the greatest
changes occurring with eye onset, while contralateral gaze shifts showed decreases in
peak eye velocity and contribution to gaze amplitude across the standing postures.
Analysis of gaze gain ratio (gaze amplitude : target amplitude) for all participants
(Figure 6.4, n = 11) showed that gaze shifts remained within the 3° boundary of the
visual target. After adjustments, the interaction between POSTURE and TARGET
was no longer significant (F(3,30) = 3.452, p = 0.029,  p2 =0.257, Appendix F) despite
evidence of an increase in gaze gain between ipsilateral NARROW and BEAM gaze
shifts, and across DIRECTION within BEAM trials.
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Figure 6.4 Comparison of gaze gain ratio (gaze amplitude : target amplitude) for
movements to contralateral and ipsilateral across the four postural configurations. A
value of 1 indicates that the primary saccade was aligned with the center of the visual
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target while dashed lines represent the boundaries of the visual target. Values less
than one would represent saccades that tended to be hypometric while values greater
than one hypermetric. Regardless of posture or direction, mean gaze gain remained
within the bounds of the visual target. Error bars indicate variability as ± 1 standard
deviation.

Head metrics. From Figure 6.2, a clear difference was identified for final head
position between tasks (LOOK vs. REACH). During simple gaze shifts (LOOK), final
head position did not show a complete rotation of the eyes to be centered within the
orbit and tended to align with peak eye displacement. REACH trials showed a better
alignment of the head with peak gaze displacement and the corresponding target with
the eye returning to its original position centered within the orbit after approximately
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500 ms from movement initiation (Figure 6.2; right side panels). As such, final head
position and the contribution of its displacement to gaze amplitude were quantified
for all participants (see Appendix F – Table 2). Figure 6.5 represents the mean
changes that occurred for head displacement variables between TASK and
DIRECTION across postural configurations. Changes seen in the representative
participant (Figure 6.2) were reflective of all participants as a three-way repeatedmeasures ANOVA revealed a significant interaction between TASK and
DIRECTION (F(1,10) = 5.293, padj = 0.044,  p2 = 0.346) with reduced head rotation
occurring within the LOOK task (Figure 6.5a). This was more prominent for shifts to
contralateral targets (REACH vs. LOOK mean difference ~8.5°, p = 0.009) compared
to ipsilateral targets (REACH vs. LOOK mean difference ~5°, p = 0.091). In a similar
vein, a three-way repeated measures ANOVA revealed that the contribution of the
head to the initial gaze shift changed as a function of TASK and DIRECTION (F(1,10)
= 11.294, padj = 0.007,  p2 = 0.529) across conditions (Figure 6.5b). On average, the
head contributed an additional 1.3° to gaze when reaching to contralateral targets (p =
0.016).
6.9.3

Eye, head, trunk and pelvis kinematics across postural configurations
Figure 6.6 shows absolute and relative angular displacement profiles for the

eye, head, trunk and pelvis during reaching movements for a representative
participant (S01). Typically, differences in kinematics were most obvious when
examined between directions (i.e. ipsi- vs. contralateral). In particular, the difference
in end positions of eye-head interactions (Figure 6.6, Eye-in-Head, Head-in-space)
between ipsi- and contralateral movements allowed for the maintenance of final gaze
position (Figure 6.6, Eye-in-space). Also, axial segments contributed differently to the
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extent of reaching, with movement of the trunk and pelvis showing little displacement
for ipsilateral targets. Trunk and pelvis motion during the SIT and STAND postural
configurations was often counter-rotatory in nature (i.e. rotating in the opposite
direction from the specified target), especially when compared to the NARROW and
BEAM configurations.
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95%
postural

However, the relative movement between the trunk and pelvis (i.e. Trunk-onPelvis; see Figure 6.6) remained consistent across postural configurations despite
changes in trunk displacement (Figure 6.6, Trunk-in-space). While segment
movement profiles remained qualitatively similar between postures, differences in the
amplitude of final positions (reflected in our representative participant, Figure 6.6)
were also evident when analyzing the entire cohort (see Appendix F – Tables 3 and
4).
For absolute ‘in-space’ displacements, a two-way repeated measures ANOVA
revealed a significant main effect of POSTURE on final head position (F(3,30) =
13.819, padj < 0.001,  p2 = 0.580) with greater head motion seen when all standing
postures were compared to sitting during reaching (SIT vs. STAND, p = 0.020; vs.
NARROW, p = 0.002; vs. BEAM, p = 0.005). Also, greater Trunk-in-space and
Pelvis-in-space contributions to whole-body movement were evident during
contralateral reaching and varied significantly across postures (Trunk-in-space:
POSTURE x DIRECTION F(3,30) = 12.316, padj < 0.001,  p2 = 0.552; Pelvis-in-space:
POSTURE x DIRECTION F(3,30) = 8.497, padj = 0.007,  p2 = 0.459). Specifically,
both STAND and NARROW postures were displaced significantly more than their
SIT counterpart (Trunk-in-space: SIT vs. STAND, p = 0.001; SIT vs. NARROW, p =
0.003; Pelvis-in-space: SIT vs. STAND, p < 0.001; SIT vs. NARROW, p < 0.001;
SIT vs. BEAM, p < 0.001), while there were trends towards significant decreases
when trunk displacement during the BEAM configuration was compared to other
standing postures (Trunk-in-space: STAND vs. BEAM, p = 0.077; NARROW vs.
BEAM, p = 0.057).
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Figure 6.6 Mean kinematic changes, including absolute and relative axial angular
displacements, for a representative subject (S01) across four postural configurations
during reaching. Traces are aligned to initial light stimulus onset for each posture
(time = 0) preceding eye (E) and finger movement initiation (F). For absolute (or ‘inspace’) measures, positive values are indicative of segmental displacements or
velocities towards the target of interest, i.e. reaching movements producing
contralateral segment movements are positive for the contralateral target. For relative
(or ‘on-segment’) measures, positive values indicate movement of the anatomically
superior segment upon the inferiorly placed segment. All traces are represented by
mean values (solid) ± 1 standard deviation (shaded).
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Relative ‘on-Segment’ displacements only differed for the extent of counterrotation between the head and trunk (Head-on-Trunk: POSTURE x DIRECTION
F(3,30) = 11.021, padj = 0.001,  p2 = 0.524). When reaching contralaterally, standing
elicited a greater displacement between the head and trunk compared to both the SIT
and BEAM configurations (Head-on-Trunk: SIT vs. STAND, p = 0.006; STAND vs.
BEAM, p = 0.047), while the NARROW configuration showed greater displacement
when compared to sitting (SIT vs. NARROW, p = 0.012).
Angular velocity profiles for the corresponding segments shown in Figure 6.6
are represented in Figure 6.7. Following light stimulus illumination (time = 0), the eye
(Figure. 6.7; vertical black, dashed lines) and head preceded movement of the finger
(Figure 6.7; vertical black, solid lines). Generally, Eye-in-space velocities displayed
similar bell-shaped profiles regardless of target direction or posture. For contralateral
targets, Head-in-space and Head-on-Trunk profiles were positively skewed across all
postures, while the inferior segments returned to a more bell-shaped profile. Pelvis-inspace profiles tended to show greater qualitative changes across postures.
For all participants, mean minimum and maximum peak velocities and their
timing (time to peak) were compared using two-way repeated measures ANOVA (see
Appendix F – Tables 5, 6, 7 and 8). After adjustments (see Statistical analysis),
significant interactions between POSTURE x DIRECTION remained for Head-onTrunk peak minimum velocity (F(3,30) = 7.897, padj = 0.013,  p2 = 0.441) and Trunkin-space peak maximum velocity (F(3,30) = 16.855, padj < 0.001,  p2 = 0.628). In
particular, contralateral reaching produced greater counter-rotatory Head-on-Trunk
torques (i.e. negative values represent the speed of movement occurring towards the
opposite direction with respect to the target) between the STAND and NARROW
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postures when compared to sitting (SIT vs. STAND, padj < 0.001; vs. NARROW, padj
< 0.001). SIT and BEAM postural configurations also showed reduced contralateral
peak Trunk-in-space maximum velocities when compared to the other standing
postures (SIT vs. STAND, padj = 0.008; vs. NARROW, padj = 0.001; STAND vs.
BEAM, padj = 0.013; NARROW vs. BEAM, padj = 0.005).

Figure 6.7 Mean absolute and relative angular velocity profiles for a representative
subject (S01) across four postural configurations during reaching. Traces are aligned
to initial light stimulus onset for each posture (time = 0) preceding eye (E) and finger
movement initiation (F). The head often proceeded movement of the eye (black,
dashed) and preceded finger movement. Segmental velocities across the four postural
configurations have been scaled similarly for ease of comparison. All traces are
represented by mean values (solid) ± 1 standard deviation (shaded).
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As evidenced by the differing strategies seen in segmental displacements, a
number of segments also revealed a main effect of DIRECTION including Head-onTrunk maximum velocity (F(1,10) = 100.939, padj < 0.001,  p2 = 0.910), Trunk-in-space
minimum velocity (F(1,10) = 24.794, padj = 0.014,  p2 = 0.713), Trunk-on-Pelvis
maximum velocity (F(1,10) = 92.149, padj < 0.001,  p2 = 0.902), Pelvis-in-space
minimum velocity (F(1,10) = 18.698, padj = 0.038,  p2 = 0.652) and Pelvis-in-space
maximum velocity (F(1,10) = 25.946, p = 0.013,  p2 = 0.486). However, time to
respective segmental minima and maxima velocity did not statistically differ across
POSTURE or DIRECTION across all segments.
6.9.4

Effect of posture on eye, head and finger sequencing
When reaching to ipsilateral targets, mean onset latencies (Figure 6.8a, n = 11

participants) for the eye, head and finger showed a similar sequence of initiation
across each postural configuration. The eye consistently led the head and the finger;
however, small relative changes in the timing between each onset were observed
across postures. When reaching was executed contralaterally (Figure 6.8b), a similar
sequence was displayed for the SIT and STAND postural configurations, but shifted
for the more challenging standing postures (i.e. NARROW and BEAM) to a sequence
where the eye followed the head. Despite this, there were no significant interactions in
the absolute timing of eye, head or finger onset across POSTURE or DIRECTION
(see Appendix F – Table 9). As expected from the greater delay to finger initiation
seen across all conditions in Figure 6.8, a significant main effect of SEGMENT
(F(2,20) = 19.075, padj = <0.001,  p2 = 0.656) was observed for both the eye (vs.
FINGER, padj = 0.009) and head onsets (vs. FINGER, padj < 0.001).
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Figure 6.8 Eye, head and finger movement initiation from light stimulus illumination
across postural configurations for ipsilateral (a) and contralateral (b) reaching
movements. While ipsilateral reaching movements showed a distinct sequence of
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initiation with the eye preceding both the head and finger regardless of postural
configuration, contralateral reaching saw a preference for ‘head-first’ movement
initiation for the NARROW and BEAM configurations. Error bars indicate variability
as ± 1 standard deviation.
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6.9.5

Relationships between eye, head and finger onsets
In order to gain insight into how the eye, head and finger were coordinated at

their initiation across postural configurations, correlations were calculated using Type
II major axis regressions (see Statistical analysis). Figure 6.9 shows that positive
correlations were observed for relationships between the eye-head (Figure 6.9a and
b), eye-finger (Figure 6.9c and d) and head-finger onsets (Figure 6.9e and f)
regardless of posture. Relationships between the eye, head and finger for movement
to the ipsilateral target reported high correlations (Figure 6.9; right side panels, r2
range: 0.714 - 0.932), while a number of relationships for the contralateral target
remained moderate (Figure 6.9; left side panels, r2 range: 0.473 - 0.929). Of note, the
range of correlations between the head and finger showed little change across
POSTURE and DIRECTION (Head-Finger STAND vs. BEAM; r2 = 0.60 – 0.64 vs r2
= 0.68 – 0.75), with coupling of eye and head onsets weakening in their correlations
as postural configurations became more posturally demanding in their need for
balance control (Eye-Head STAND vs. BEAM: r2 = 0.75 – 0.84 vs r2 = 0.35 – 0.67).
When correlation coefficients (r) were z-transformed (Figure 6.10a) to allow
statistical comparisons to be made across conditions, eye-finger and head-finger
interactions showed smaller changes in their relationship when compared to eye-head
interactions. A weaker relationship for the BEAM configuration (vs. STAND, padj =
0.034) was found during reaching to the contralateral target. Comparison of
regression slopes (i.e. regression coefficients, Figure 6.10b) revealed a change
between the SIT and BEAM postural configurations (padj = 0.043) for the eye-head
interaction during contralateral reaching.
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Figure 6.9 Major axis regression analyses and coefficients of determination (r2) for

Figure
9 (c-d), and head-finger onsets (e-f)
relationships between eye-head (a-b),
eye-finger

et al.,
2018ipsilateral, right panels).
grouped by target Stamenkovic
direction (contralateral,
left panels;
Coefficients of determination for the head and finger exhibited a more consistent
relationship across postural configurations and direction compared to the eye and
head, or eye and hand. Ipsilateral targets (b, d and f) showed stronger correlations
regardless of postural configuration, that began to diverge when reaching to
contralateral targets (a, c and e).
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Figure 6.10 Comparison of z-transformed correlation coefficients (a) and regression
coefficients (b) for eye-head, eye-finger, and head-finger onset relationships across
the four postural configurations. While interactions were generally weaker for
reaching to contralateral targets (black, solid bars) when compared to ipsilateral
reaching (grey, solid bars), significantly weaker correlations were only seen between
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the eye and head (STAND vs. BEAM; *padj = 0.034). Error bars indicate variability as
± 1 standard deviation.
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6.10

Discussion
Considering the coupled nature of visuomotor and whole-body postural control

during action, this study aimed to understand how changing equilibrium constraints
(in the form of different postural configurations) influenced the initiation of eye, head
and arm movements. The lack of distinct changes in eye-head metrics, initiation of
eye, head and arm movement, and gaze accuracy across conditions (in spite of
kinematic differences), suggests that postural control was likely incorporated into the
initiating gaze shift. This may be explained by the shared neuroanatomical regions
responsible for sensorimotor integration, postural control and the housing of saccadic
premotor circuitry within the brainstem. Moreover, it is known that common cortical
regions are responsible for attention, and movement planning of saccade and reach
goals. Although the tight coupling of the eye and head can be altered under a variety
of conditions (Freedman, 2008; Fuller, 1992; Zangermeister and Stark, 1982),
including when arm movements are incorporated into a visually-guided reaching task
(Carnahan and Martenuik, 1991; Pelz et al., 2001; Smeets et al., 1996), this did not
occur in the present study. We discuss how our results fit into models of gaze and
postural control mechanisms below.
6.10.1

Eye-head metrics
Despite latencies of eye shifts being longer than those generally seen for pure

saccadic eye movements (approx. 200 - 250 ms, Gaveau et al., 2014), values
remained within the bounds reported for recordings of whole-body movements,
including whole-body turning and reaching (310-460 ms, Carnahan and Martenuik,
1991; 310–320 ms, Scotto Di Cesare et al., 2013; 312.5 – 406 ms Vercher et al.,
1994) or during standing gaze shifts (330–350 ms, Jimenez et al., 2016). A number of
factors may have been responsible for the longer latencies which we discuss below.
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First, the distance of the fixation targets may have influenced the latency of the
required gaze shift. Often, visual targets are situated within peri-personal space (i.e.
within arm’s reach) and nearer targets are known to elicit shorter saccadic latencies
than those farther from the body (Yang et al., 2002). Also, for the REACH
instruction, initial gaze shifts were made to fixation positions further away from the
participant, when compared to the closer and ‘remembered’ reaching positions. While
unlikely, we cannot directly assess the role that vergence may have played in
visuomotor control in the current study (as eye measures were recorded via EOG). If a
combined gaze shift and convergence task to the remembered position in space
occurred, we would expect that latencies would have increased by ~20 ms (Yang et
al., 2002). Considering the implications of the above, the facilitation of gaze shifts
seen with the addition of a reaching movement may have been masked for some
conditions (Bekkering et al., 1994; Dean et al., 2011; Snyder et al., 2002) as mean
differences were ~10 ms (range:. -14 ms : 25 ms). Interestingly, such facilitation was
only evident during ipsilateral reaching when seated and balanced upon the BEAM
(Figure 6.3a). This is despite the BEAM condition eliciting the longest eye latencies
(observed previously when postural constraint is increased - Legrand et al., 2016).
Second, the cognitive demand placed upon motor planning may have been
increased as task instructions (i.e. LOOK or REACH) occurred just prior to the visual
cue (~2,000 ms). However, if this was the case we would have expected that the
cognitive demand of task interpretation would interact with those of maintaining
stability in an additive fashion, similar to that shown during dual-task paradigms
(Woollacott and Shumway-Cook, 2002). Based on the lack of differences in onset
times across postures and tasks in the present study, it does not appear that this
occurred. Whether this is a reflection of postural challenge within the current
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experimental design (i.e. whether the threat to balance was sufficient enough to elicit
an increase in cognitive control), or whether attentional processes in postural control
are not as involved as originally thought (Genoves et al., 2016) is unclear. However,
dual-task paradigms have shown that increased cognitive loads influence whole-body
postural responses during the later phases of balance control (Maki and McIlroy,
2007). Therefore, we would not expect cognitive demands to interfere with the
planning and initiation of eye and arm movements in the current study. Similar
evidence is also found during reaching, when paradigms known to generate feedbackmediated responses (e.g. soleus stretch reflex, Vedula et al., 2010; external
perturbation, Trivedi et al., 2010) are produced during the execution of the voluntary
arm movement. When a surface perturbation is delivered during an ongoing reach
movement, modulation of postural responses only occurs for long-latency
components (Trivedi et al., 2010). This would suggest that responses based on longlatency cortical loops are more susceptible to attentional delays or changes caused by
sensorimotor integration and occur too late to influence gaze initiation.
Finally, the constant availability of target information (i.e. targets were always
present and task initiation was indicated by illumination of a single target) may have
elicited longer latencies through the production of volitional rather than reflexive gaze
shifts. This becomes an important distinction as it would help explain the lack of
changes that occur with gaze shifts in the standard control of visuomotor experiments,
i.e., the seated position (Figure 6.3a, SIT LOOK). In fact, eye (and arm) latencies
from our study align with findings reported for a similar task of visual scanning
(Sailer et al., 2000 eye: 283 ± 71 ms; hand: 376 ± 105 ms). Based on the correlation
of latencies across a number of different eye-arm coordination tasks, Sailer and
colleagues posited that the signals required to initiate movement rely on similar
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streams of information for volitional rather than reflexive movements. The lack of
changes in eye metrics across postures in the current study would suggest that the
required sensorimotor integration for posture and saccade execution are well
accounted for by the CNS. While the current study cannot deduce where this is
occurring (whether cortical or subcortical in nature), the basal ganglia and reticular
formation (via the superior colliculus) would appear to be two ideal neural candidates
as they are implicated in volitional saccadic pathways (McDowell et al., 2008),
postural control and sensorimotor integration for movement (Quessy and Freedman,
2004; Schepens and Drew, 2004; Shadmehr, 2017).
6.10.2

Eye-head-finger sequencing during movement preparation
In the current study, the eye generally led a sequence of onsets, with the head

and finger following. However, the mean delay between the eye and head became less
prominent under the constraints of the NARROW and BEAM postures and even
altered when reaching across the midline (see Figure 6.8a, contralateral). Regardless
of the change in sequence, time to head initiation did not differ across conditions and
may simply reflect a greater propensity for earlier head movement under predictable
gaze scenarios (Fuller, 1992). The rationale as to why this seems to occur only for the
more challenging balance conditions in the current study is unknown. One thought is
that the active head movement may be required to delineate from the interference
associated with postural sway. As such, vestibular-only neurons may have a better
capacity for discriminating between the active and passive components when
producing similar gaze displacements compared to stable seated gaze shifts. This is
thought to occur early in vestibular processing by subtracting the efference copy of
the upcoming head movement (McCrea et al., 1999).
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Despite this alteration in the initial sequence, when saccade initiation and
duration are taken into account, the eye was always the first to terminate. This lends
further evidence to a generalized preparation of movement, where gaze fixation (and
the subsequent visual information it provides) is necessary before a plan to end the
arm movement is executed (Gribble et al., 2002; Rand and Stelmach, 2011).
However, our findings suggest that even with an increased requirement for
sensorimotor integration (theoretically induced by postural changes), stored
visuospatial information is sufficient to initiate a generalized whole-body reaching
response. As the arm starts before the end of a gaze shift, initial reach motor planning
accuracy may be coarsely programmed (with peripherally stored retinal information
gathered prior to a gaze shift) and corrected online once fixation of the target is made
(Desmerget et al., 1998). Visuomotor planning from peripheral signals is linked to
processes arising from the dorsal visual stream, requiring the posterior parietal cortex
(Desmurget et al., 1998) and sub-cortical structures of the brainstem, including the
superior colliculus (Gaveau et al., 2014), to integrate spatial representations of the
surrounding environment in an eye-centered (or intermediary) coordinate frame of
reference (Crawford et al., 2004). Information regarding target eccentricity was
constantly available; therefore, the spatial predictability of targets provides a potential
source for the coordination observed in the current study.
If movements were planned purely from a stored spatial representation then a
minimization of the difference between a body-centered frame of reference and the
eye-centered frame of reference (i.e. an alignment of visual and motor space
representations) might prevail. Often this is adopted during reaching and such
examples of motor control have received support from online corrections during
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double-step paradigms (Pélisson et al., 1986; Prablanc and Martin, 1992; Soetching
and Lacquaniti 1983), where short motor delays (~90 - 150ms) are seen for movement
adjustments. As such, the eye and finger might be linked, with the head involved in a
synergy with either. In the current study, the lack of changes across posture and
directions for correlations relating to the head and finger (Figure 6.9) provide further
evidence that head control is a necessity in achieving both oculomotor and reaching
goals.
6.10.3

Whole-body gaze strategy
While models of gaze control often limit themselves to the interactions

between the eye, head and gaze components, some have considered the necessity of
whole-body coordination during gaze shifts (Daye et al., 2014). They suggested that a
hierarchical model controls linked segments via a number of feedback loops. In doing
so, proximal segments may serve differing goals but are coupled to the goals of the
most distal segment (in this case, gaze) whose feedback is dictated by a global goal. If
head and gaze position are controlled variables (rather than eye position), this might
explain the stronger relationships seen in eye-head and head-finger onsets in the
current study. As such, gaze (and the eye contribution) alters as a function of head
involvement. This corroborates previous arguments for independent eye and head
signals (Freedman, 2008), but does not completely discount the role of a feedbackmediated gaze position error model, as tight spatiotemporal coupling of the eye and
head during head perturbations can produce resulting gaze trajectories that are
invariant to their non-perturbed counterparts (Boulanger et al., 2012).
The lack of significant differences in eye and head metrics across postural
configurations would further suggest that a coordinated whole-body gaze shift occurs,
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such that postural control (for stability) is subservient to gaze control (Flanders et al.,
1999). Further evidence from supra-postural dual-task scenarios has shown that more
complex oculomotor strategies (i.e. double step visuomotor task) utilize tighter
control of head movements, aimed to reduce instability in head position during
standing postures (Boulanger et al., 2017). However, this is difficult to reconcile with
the increases in head displacement that accompany reaching, rather than the simple
gaze shift task, seen in the current study. Is arm control independent of gaze control?
The strong evidence of gaze-arm coordination within a number of cortical regions (in
particular, the posterior parietal cortex) would suggest that this is not the case. As
Flanders and colleagues (1999) concluded, reaching errors could be accounted for by
head-in-space displacement, such that hand position was ultimately biased by head
position. Therefore, arm control (for goal-directed movement) may still be somewhat
subservient to gaze control, but via head-derived displacement during whole-body
movements.
A hierarchical model may account for the interactions between posture and
direction seen across a number of axial segments, while gaze gain (a measure of
accuracy) remained within the target zone. Greater involvement of the large segments
of the trunk and (to a lesser extent) pelvis were necessary for target attainment to the
contralateral target, yet their movement was minimized for ipsilateral reaching
(Figure 6.6, ‘in-space’ displacements). While no significant changes to the timing of
segments across postures were apparent, the movement patterns in the current study
aligned better with descriptions of predictable, ‘return-bound’ turning (Scotto Di
Cesare et al., 2013). These authors postulated that changes in coordination (alongside
oculomotor delays) are introduced for predictable targets to allow for the integration
of appropriate muscle activity to produce APAs. Whether this represents a reduction
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in the discrepancy between head-centered vestibular coordinates and body-centered
trunk coordinates, which may be useful in reducing the processing costs of such
APAs (for movement generation - Solomon et al., 2006) is unknown. However, it
would fit into a gaze model that incorporates independent control of head
displacement.
While we have made interpretations based upon a number of negative findings,
it may be that our methodological approach was insufficient to result in postural
effects upon visuomotor control. In particular, the longer absolute latency of eye
onsets across all tasks and postural conditions (see Eye-head metrics), suggestive of a
volitional rather than reflexive approach to gaze initiation, may mask any interaction
between posture and visuomotor control despite differences in postural challenge
across configurations. Therefore, while a generalized preparation and execution of the
initial motor program is supported for volitional gaze shifts in the current study,
challenges to posture and the accompanying increased cognitive load may instead be
prominent under reflexive or more complex visuomotor tasks. This aligns with
previous discussion highlighting the greater postural control during complex doublestep saccades (Boulanger et al., 2017). Also, an influence of posture on saccade
initiation in younger adults was not evident for simple single-step saccades but
accelerated the onset of a secondary saccade when standing under certain
circumstances (Jimenez et al., 2016). Further insights into the role of cognition on
postural and visuomotor control could also be examined using the Linear Approach to
Threshold with Ergodic Rate (LATER) model (Noorani and Carpenter, 2016).
Briefly, by compiling a large sample of eye onset latencies (or theoretically any
segment reaction time) across a range of conditions, their cumulative reciprocal
distributions (which are linear when plotted on a reciprobit scale) can be easily
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compared. Based on changes in the slope, intercept or pivot point of the regression
line, specific alterations within the decision signal that dictates reaction time can be
hypothesized (see Figure 5, Noorani and Carpenter, 2016). Changes in these
parameters have been shown in a number of experimental and clinical settings
relating to cognition (Burrell et al., 2012; Carpenter and Williams, 1995) and could be
applied to our paradigm.
Based upon the premise that descending corticospinal and other supraspinal
commands are required to execute a goal-directed arm movement, it was expected
that when combined with additional neuro-mechanical constraints (i.e. different
postural configurations), the timing and sequence of eye, head and arm initiation may
become altered. As such, it was thought that posture may influence the saccadic
premotor circuits in two ways: first, a facilitation of gaze shift initiation may have
occurred through the priming of the excitatory burst neurons and/or early release of
inhibitory burst neurons to allow for the fast anchoring of gaze. This is seen when
additional sensory modalities are concurrent with saccade initiation (termed ‘sensory
fusion’ - Pacquette and Fung, 2007), and is evident during eye-arm coordination tasks
in head-restrained individuals (Bekkering et al., 1994; Dean et al., 2011; Snyder et al.,
2002). Second, it was thought that if additional processing is required by higher
cortical structures to integrate visuomotor and postural outcomes, a delay in gaze shift
initiation may occur. If this influenced the entire mechanism (eye-head-arm), it may
further implicate common areas within the posterior parietal cortex associated with
the planning and execution of eye and arm movements, and the re-allocation of
attentional resources.
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6.10.4

Conclusion
In conclusion, our results revealed that changing posture did not produce

consistent or distinct alterations to eye-head metrics, or the movement sequence,
despite changes to kinematic contributions of other axial body segments. This
suggests that the CNS is able to adequately account for instability arising from
differing postural configurations. However, while this proposal supports a generalized
preparation and execution of the initial motor program, challenges to equilibrium may
instead be more prominent in reflexive rather than volitional type tasks. However, the
constancy of coordination between head and gaze signals would further suggest that
their ‘in-space’ position is a controlled variable by the CNS, to produce a whole-body
gaze strategy that can account for postural instability.

6.11

Acknowledgements
AS was supported by an Australian Government Research Training

Scholarship. PJS was supported by the National Stroke Foundation of Australia.

6.12

Conflict of interest
The authors state that they have no conflict of interest.

~ 229 ~

Chapter 7:

Conclusions and Perspectives

The experimental chapters within this dissertation present a series of studies
that examine the coordination between postural and movement elements during
whole-body reaching. Chapter 7 will discuss how the main findings of each study
(see Section(s) 3.3, 4.3, 5.3 and 6.3) inform our understanding of the overarching role
that preparatory control plays in posture and movement coordination. In particular,
the functional outcomes of trunk muscle activity in Chapters 3 and 4 will be
discussed in the context of posture and movement coordination theories and the
neuroanatomical pathways that propagate such commands. Next, common neural
substrates implicated in visuomotor and postural control will be discussed,
underpinning the findings of persistent APA production and visuomotor responses
aimed at prioritising task execution (Chapter 5 and 6). Following this, the findings
and interpretations of motor coordination from this dissertation will be applied in the
broader context of pathology and aging. Finally, discussion surrounding potential
directions for future research and experimental considerations will be presented.

7.1

Theories on motor control
The presence of APAs within muscles of the trunk and their direction-

dependent activity have been reported previously (Adamovich et al., 2001;
Alexandrov et al., 1998; Aruin and Latash, 1995b; Crenna et al., 1987; Hodges et al.,
1997, 2001; Hodges and Richardson, 1997a, 1997b, 1999; Oddsson and Thorstensson,
1987; Thorstensson et al., 1985; Tyler and Hasan, 1995). The novelty of the current
findings lies in the reinterpretation of observed direction-dependent muscle activity
with respect to preparing the trunk for reaching. The coordination of preparatory trunk
muscle activity highlights that spatial tuning, occurring bilaterally, has a role in
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movement initiation, rather than purely ensuring stability (Figure 3.6). Evidence that
this coordination is a consequence of CNS control (vs. task constraints) stems from
the retention of such patterns despite alterations to movement and postural goals (see
Figures 4.8 and 4.9, and Figure 5.4, respectively). In fact, challenges to balance are
effectively incorporated into visuomotor control (Figures 6.3 and 6.4) in spite of their
evidence in the eventual execution of the movement. This is highlighted through the
changes in centre of mass (CoM) trajectories and displacements, coupled with the
similarity in certain finger kinematics and final endpoints (Figures 5.8 and 5.9) seen
across the postural configurations. Together, these results step away from traditional
theories originally proposed to govern the production of APAs (Massion, 1992), and
towards a priming of movement. In fact, the spatial and temporal association between
arm and trunk musculature, either within functional groupings (Figure 3.7) or within
the composition of quantified motor modules (Figure 4.8), supports the notion that a
common command dictates the preparation of posture for the initiation of movement
(Aruin and Latash, 1995a; Massion, 1992). The strong coupling of preparatory
activity to prime mover activation (Figure 5.6) rather than the stimulus for movement
initiation, complements suggestions that such commands are driven to create the
dynamics necessary for goal-driven movement (Schepens and Drew, 2003;
Yakovenko and Drew, 2009). However, the finding of a greater proportion of
inhibitory responses time-locked to stimulus onset (Figure 5.6, inset) does not
discount the presence of independent postural commands in driving APA production.
If the functional role of this inhibition is considered, whereby tonic activity of
posterior muscles (e.g. erector spinae and soleus) is reduced, it points away rather
than towards a traditional role of stabilisation through a minimisation of CoM
displacement. The persistence of similarly tuned muscle activity across biomechanical
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contexts, especially present in the trunk muscles (see IOTrA in Figures 3.6, 4.2 and
5.3), solidifies the importance of the voluntary motor act in the production of APAs.
Even when feedforward-based postural responses are examined with respect to
expected perturbations and under altered postural conditions (Aruin, 2003; Aruin and
Latash, 1995a, 1995b; van der Fits et al., 1998), a consistent finding is that the
presence and characteristics of APAs are often manipulated by the focal (or
voluntary) contribution to the movement (Aruin, 2003, Yiou et al., 207, 2012). Initial
investigations, driven by the hypothesis that APAs were produced for centre of mass
stabilisation, stressed the necessary requirement of a voluntary motor action for APA
production, beyond that of a change to balance (via an expected perturbation - Aruin
and Latash, 1995a; Struppler et al., 1993). This is highlighted further under changes to
postural support, whereby “focal performance is tightly dependent on the capacity of
the postural component to develop APA dynamics” (p. 34, Yiou et al., 2007, see also
Yiou et al., 2012). This suggests that when APAs are reduced or absent (Aruin et al.,
1998), it may be due to the nature of the ‘focal performance,’ and a division between
small voluntary actions (e.g. releasing a load held in the hands) and goal-directed
actions (e.g. reaching to a target).
Another comparison that should be made in understanding theories of motor
control is how APAs preceding voluntary movement interact with unexpected
perturbations and the associated APRs that follow. While both are described as
complex responses that originate from feedforward and feedback mechanisms
respectively, both are essential to postural control and traditionally involved in CoM
stabilisation (in particular for APRs – Horak and Macpherson, 1996). Therefore, if a
traditional approach is taken, when the production of APAs (via a voluntary
movement) is coupled with an unexpected perturbation, adopting a strategy that
~ 232 ~

minimises CoM displacement may result in a greater threat to balance when the
following APR is executed. Contrasting results from studies of voluntary sway
(Nashner and Cordo, 1981) and step initiation (Burleigh et al., 1994) suggest that both
feedforward and feedback mechanisms can be modulated depending on the nature of
the task. For example, during voluntary sway feedforward muscle activity is delayed
until feedback based postural adjustments have compensated for the unexpected
perturbation (Nashner and Cordo, 1981), while feedback is modulated to assist CoM
displacement when a perturbation and step are spatially linked (Burleigh et al., 1994).
Examining whether this occurs during goal-directed reaching might be achieved using
a paradigm where the movement is perturbed at initiation (similar to the experimental
condition RP used in Trivedi et al., 2010). While they did not examine the APAs
preceding the reaching movement, changes in APRs that occurred closest to
movement onset (i.e. RP1 consisted of perturbations being applied within the first
25% of total reaching distance) revealed reduced magnitudes of APRs regardless of
perturbation direction (forwards or backwards). Interesting results also arise when the
magnitude of postural responses are compared for predictable and unpredictable
perturbations, as APAs are shown to modify the compensatory APR component
(Santos et al., 2010). This reciprocal link in function between feedforward and
feedback-mediated mechanisms may stem from their modulation within a common
neuroanatomical structure (Schepens and Drew, 2004, 2006; Schepens et al., 2008;
Stapley and Drew, 2009). Therefore, placing the functional findings of this
dissertation within the context of current knowledge surrounding neuroanatomical
structures responsible for controlling trunk muscles may shed light on mechanisms of
APA control.
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7.1.1

Neural control of the Trunk
The innervation of proximal muscles (e.g. the trunk muscles) originates from a

number of motor areas and descends via both the pyramidal (e.g. ventral corticospinal
tract, CSTv) and extra-pyramidal tracts (e.g. vestibulo-, proprio- and reticulospinal see Figure 1.1). Considering that each of the pathways above are known to primarily
consist of bilateral projections, how does the CNS use them in a functional capacity
for movement and postural coordination?
In an effort to better understand the functional connectivity between the motor
areas and various trunk muscles, a number of studies have utilised non-invasive
techniques (e.g. transcranial magnetic stimulation, TMS, or electrical stimulation) to
probe such pathways (Chiou et al., 2016, 2018; Ferbert et al., 1992; Jean-Charles et
al., 2017; Kuppuswamy et al., 2008; Massé-Alarie et al., 2012, 2016; Nowicky et al.,
2001; Plassman and Gandevia, 1989; Strutton et al., 2004; Tsao et al., 2009, 2011a;
Tunstill et al., 2001). For example, responses to cortical stimulation in the abdominals
(Plassman and Gandevia, 1989) and paraspinals (Ferbert et al., 1992; Nowicky et al.,
2001) show similar timing to stimulation of distal limb muscles. Based on their
approximate distance from the motor cortex (Ferbert et al., 1992; Nowicky et al.,
2001; Plassman and Gandevia, 1989) and near identical characteristics of evoked
potentials at the motoneuronal level (Plassman and Gandevia, 1989), these provide
evidence that trunk muscles access direct mono-synaptic cortico-motor connections
from the primary motor cortex via the CSTv. However, the presence of task
dependent changes to the facilitation of corticospinal excitability (Nowicky et al.,
2001) suggests that despite this capability, corticospinal drive is not the same as with
the distal limbs. In fact, observations of a late response phase within elicited motor
evoked potentials (MEPs) raises the prospect that neural drive to trunk muscles must
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also involve contributions by parallel-acting (but slower) poly-synaptic pathways (e.g.
cortico-reticulospinal – Ferbert et al., 1992). Based on the structural evidence
described above, where the CSTv and extra-pyramidal tracts have bilateral projections
onto spinal interneurons, an essential question for motor control is whether the neural
drive to trunk muscles is greater for both projections or show unilateral bias
(Alexander et al., 2007; Chen et al., 2003; Marsden et al., 1999; Strutton et al., 2004).
Ipsilateral stimulation of associated motor areas, including the supplementary motor
and dorsal premotor area provide a significant contribution to cortically evoked
activation of the trunk (Montgomery et al., 2013), while contralateral MEPs are
known to occur approx. 3 - 4 ms prior to their ipsilateral counterparts (Tsao et al.,
2011). How does the preparatory activity in the current dissertation, showing
directionally-dependent tuning, fit with these neuroanatomical connections?
It was originally posited that the motor module (or muscle synergy) analysis
adopted in Chapter 4 was based on the role of direct cortico-motor connections on to
motoneuronal pools within the spinal cord (see Section 3.10.3 and Lemon, 2008; Ting
and McKay, 2007). While this may align with the rich mono-synaptic connections
available to the distal limbs, based on the structural examination of the
neuroanatomical tracts that provide neural drive to the trunk, this suggests such an
argument may not be sufficient. Mono-synaptic connections for proximal muscles,
while present in the CSTv, are sparse compared to the proportion of di-synaptic
connections synapsing on spinal interneurons (Palmer and Ashby, 1992); therefore, it
is difficult to reconcile how the CSTv can solely contribute to mechanisms that elicit
the functionally grouped muscle activity seen in Chapters 3 – 5.
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Further, the development of mono-synaptic connections is varied and is shown
to have a functionally inverse relationship with the propriospinal system in motor
control (Welniarz et al., 2017). We can examine this statement by gathering evidence
from across species that can produce successful reaching and grasping tasks. For
example, the cat has a relatively small proportion of pyramidal mono-synaptic
connections when compared to higher-order primates (Maier et al., 1998; Nakajima et
al., 2000). The higher proportion of direct connections for primates is intimately
related with the degree of fine motor control capable by the distal limbs (e.g. for
reaching – Lemon et al., 2008). This same function for the cat (i.e. reaching and
grasping) while not achieved with the same dexterity, is driven by the extensive
propriospinal system (Alstermark et al., 2007; Jankowska et al., 1974). Therefore an
alternative suggestion may be that interactions of upper and lower limb muscles, in
combination with the trunk, utilise the extensive bilateral projections of the
propriospinal tract to produce the functional muscle groupings and motor modules
seen in Chapters 3 and 4 (Tresch and Jarc, 2009). Examination of changes to
corticospinal excitability during the APA period preceding voluntary arm raises may
shed further light on the role of cortical control in APA production (Chiou et al.,
2016, 2018).
Examination of neural drive to the erector spinae muscles prior to voluntary
arm raising has found similar corticospinal facilitation (both in the timing and
magnitude of MEPs) when lying and standing (Chiou et al., 2018). The constancy of
facilitation despite a lack of postural threat in lying may provide evidence that APAs
are movement and not posture related. This aligns with the modelling of arm raising
(although whilst in stance), where the generation of APAs in posterior musculature
allows the generation of torques to assist rapid vertical movement of the arm (Pozzo
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et al., 2001). These findings also lend credence to arguments for movement-assisting
APAs made in Chapters 3-5. In fact, comparing erector spinae corticospinal
excitability in response to postural and movement related tasks (i.e. prior to onset of
dynamic shoulder flexion vs. static shoulder flexion vs. static trunk extension – Chiou
et al., 2016) show differences in MEP characteristics that suggest additional pathways
may be involved. Despite clear differences in MEP amplitude between dynamic and
static shoulder flexion, when MEPs elicited for static trunk extension were compared
to those above, an increase in MEP response duration was evident (see Figure 2,
Chiou et al., 2016). Similar to arguments given prior on differences between MEPs
for proximal and distal muscles, this elongation of the MEP may reflect descending
volleys occurring through poly-synaptic transmission pathways. Could the later
components of MEPs be related to poly-synaptic transmission via brainstem-mediated
pathways? With the increased use and understanding of TMS techniques there is
potential to examine the effects of direct corticospinal influences compared to other
longer poly-synaptic pathways, such as the reticulo-spinal tract (Fisher et al., 2012).
Another avenue in investigating the neural drive for APA production in the
trunk has been to compare their onset latency to stimuli against reflexive activation
and volitional activation as a prime mover of movement (e.g. to actively rotate the
trunk). If APAs of the trunk are mediated by the reticulospinal tract, or other extrapyramidal tracts stemming from the brainstem, their execution with respect to a
defined stimulus should occur faster than cortically driven commands. In fact, APA
production in the trunk remains faster than for voluntary activation of the same
muscle as a prime mover (Tsao et al., 2009). This persists even when movement is
coupled with an acoustic startle response (known to reduce reaction time, Carlsen et
al., 2004); however, APAs are slower than purely reflexive responses elicited by
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acoustic startle alone. As the reticulospinal tract and the pontomedullary reticular
formation are heavily implicated in the acoustic startle reflex (Carlsen et al., 2004),
and APAs are faster than cortically driven voluntary actions, it is plausible that
subcortical control dictates the APA response. If so, APAs may represent the
necessary link between voluntary and involuntary CNS responses that overlap for a
common goal (e.g. complex movement generation as an escape response – Vulliemoz
et al., 2005), and thus allows for flexible, context-driven control (Shemmell, 2015).
Considering the above and the fact that the reticulospinal tract is implicated in
skilled reaching preparation and execution (Buford and Davidson, 2004; Schepens
and Drew, 2004, 2006), it provides an ideal neural substrate for the coordinated
response of the trunk and limbs. However, another important feature of the
reticulospinal tract is its intimate relationship with areas necessary for visuomotor
coordination. The presence of saccadic pre-motor circuits with close proximity to the
reticular formation and strong connections to the superior colliculus (e.g. Figure 1.1b
– large arrows), provide a neuroanatomical link between postural control and the
necessary visuomotor responses required for movement (and reaching).
7.1.2

The interaction between visuomotor and postural control of reaching
Taken together, the outcomes of Chapter 5 and 6 provide further evidence that

movement goals, whether to direct visuomotor (Chapter 6) or whole-body reaching
outcomes (Chapter 5), dictate the coordination seen when preparing a reaching
movement. The stereotyped onset latencies of the eye, head and arm (Figure 6.3 and
6.8) preceded by consistent production of similarly tuned APAs (Figure 5.4) have
been discussed with respect to the context of individual systems governing gaze or
postural control, yet how do they act within a unified framework?
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Based on the onset latency of eye and head responses being greater than for
reflexive manoeuvres (Gaveau et al., 2014), it is most likely that volitional saccades
were primarily produced in Chapter 6 (see Figure 6.3 and Section 6.10.1). While the
production of volitional saccades incorporates the same premotor circuitry in the
brainstem as reflexive saccades downstream of the superior colliculus, it first arises
through indirect transmission via the frontal eye field and basal ganglia (Watanabe
and Munoz, 2011). The basal ganglia, through inhibition of tonic activity to the
substantia nigra pars reticulata, provides disinhibition of the superior colliculus in
order to initiate a saccade. Considering the stereotyped production of visuomotor
responses across postures in Chapter 6 (Figures 6.3 and 6.4), as well as the role of the
basal ganglia in the general inhibition of undesired motor actions (see Section 1.2.2.2,
Grillner et al., 2005) and postural control (especially postural adjustments Boisgontier et al., 2017), it may be involved with reducing postural commands that
would jeopardize gaze initiation.
If the production of simple motor actions such as saccades can be altered by
posture though, they may be better reflected in reaction-based paradigms. Reaction
time tasks can provide important information about decision-making processes by
leveraging the difference in time taken to produce correct and incorrect responses
under time constraints. Therefore, insights into the role of cognition on postural
control could be examined using the Linear Approach to Threshold with Ergodic Rate
(LATER) model (Carpenter, 2012; Noorani and Carpenter, 2016). Briefly, by
compiling a large sample of eye onset latencies (or theoretically any segment reaction
time) across a range of conditions, their cumulative reciprocal distributions (which are
linear when plotted on a reciprobit scale) can be easily compared. Based on changes
in the slope, intercept or pivot point of the regression line, specific alterations within
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the decision signal that dictates reaction time can be hypothesised (see Figure 5,
Noorani and Carpenter, 2016). Changes in these parameters have been shown in a
number of experimental (e.g. prior probability of target – Carpenter and Williams,
1995; anti-saccade – Noorani, 2014; Go-NoGo – Noorani and Carpenter, 2015) and
clinical settings relating to cognition (Parkinson’s Disease – Antoniades et al., 2012;
ALS – Burrell et al., 2013; dementia – Burrell et al., 2012).
While CoM shifts did align with the eventual directional movements required
to reach the target (Figure 5.7), it cannot be discounted that this reflected a shift in
trunk orientation necessary to achieve the goal. Not only is trunk orientation
considered necessary for CoM stabilization under balance perturbation (Gurfinkel et
al., 1981) and dynamic scenarios, but could also be an extension of proper orientation
(and subsequent stabilisation) of the head being achieved (Hollands et al., 2002,
2004). Based on the conclusions made within each respective chapter, the question
becomes; are postural changes reflective of a mechanism to prioritise a whole-body
gaze strategy upon which accurate reaching can be framed, or are postural changes
part of a movement-generating strategy necessary for whole-body reaching and which
gaze must be coordinated within? Interestingly, when considering the neck
musculature (Figure 5.3 and 5.4), participant-specific strategies showed similar
outcomes to those discussed in Section 1.4.3 (Danna Dos Santos et al., 2007).
Bilateral co-activation of neck flexor activity would indicate an attempt to stabilise
the head upon the trunk to shift in an en bloc fashion (see Figure 6.6 – Head-on-Trunk
and, Gurfinkel et al., 1988; Pozzo et al., 1990; van der Fits et al., 1998). In contrast,
the tuning of neck flexor muscle activity (Figure 5.4 and 5.5, Section 5.9.2) and
greater rotational excursion of the head for all participants during reaching (compared
to simple head-unrestrained gaze – Figure 6.5, Section 6.9.2) suggest that active head
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movement plays a crucial role in ensuring the successful execution of both gaze and
reaching goals (Flanders et al., 1999). Supporting this is the suggestion that the
efference copy from extra-ocular muscles is sufficient in maintaining stable gaze in
lieu of recruiting reflexive eye-head stabilizing mechanisms (i.e. vestibule-ocular
reflex, VOR - Lambert et al., 2012). However, in a lower vertebrate animal model
(i.e. tadpoles), feedforward activity from central pattern generators (CPGs) was able
to suppress reflexive VOR responses, suggesting that the locomotor commands (via
CPGs) had the capacity to supersede gaze control mechanisms as gaze was
maintained in a predictive fashion (via efference copy).
Can current models of visuomotor control be reconciled with whole body
postural dynamics for movement? Considering the model proposed in Chapter 6 (see
Section 6.10.3) and the contrast between variability in reaching arm and inferior axial
segment kinematics with the consistency of head and gaze responses across postural
constraints, it would suggest that the head and gaze signals are prioritised. However,
whether such control would change if the accuracy constraints of movements were
also increased, and whether such solutions are viable as control strategies across all
goal-oriented movements, warrants further investigation.

7.2

Understanding motor control in pathology and aging
The focus of this dissertation has been on the underlying mechanisms that

produce preparatory postural action, and the role of such activity in coordinating
posture and movement. In an attempt to reduce confounding factors on the
interpretation of APAs, such mechanisms are best examined using young, healthy
cohorts; however, their findings can be used to better inform the changes that occur
over the life span or in a pathological state. For example, the trunk becomes a crucial
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component in the production of reaching movements for individuals with stroke, even
when targets are within arm’s reach (i.e. Levin, 2002; Robertson and Roby-Brami,
2011). Stroke is known to reduce the efficacy of the corticospinal tract and
improvements in functional capacity have often been attributed to greater
involvement by other lower pathways (Bradnam et al., 2013; Nardone et al., 2013;
Zaami et al., 2012). If previous arguments pertaining to the neural control of the trunk
and modular control of muscle coordination (see Section 7.1) are considered, the
greater incorporation of the trunk may stem from remnants of synergistic control as
the reticulospinal tract is involved in the functional recovery of reaching (Herbert et
al., 2015). Whether this is due to a subsequent inability to modulate APAs driven by
the pontomedullary reticular formation (PMRF) for postural muscles (with the
increased requirement for movement generation), or a compensatory strategy for
reduced arm function is unknown. Regardless of the underlying mechanism behind
greater trunk involvement, it ultimately allows for the successful execution of the
reaching task.
Increasing the distance of a target away from the body is also associated with a
higher risk of falls in older adults (Butler et al., 2011). How this compares to the
shared preparatory muscle activity for movement initiation in younger cohorts (see
Chapter 4) and whether the same recruitment patterns hold as trunk involvement (and
instability) increase are uncertain. However, similar analysis techniques (i.e. nonnegative matrix factorisation, NMF) could be utilised to answer such questions. In
fact, analysis of muscle synergies within patient cohorts have previously been used to
study changes in neuromuscular function (Allen et al., 2017, Steele et al., 2015) with
a view to informing neurorehabilitation techniques (for review see Ting et al., 2015).
Within the trunk specifically, such methods have been adopted to compare
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coordination in seated control of isolated trunk movement in individuals with
differing levels of spinal cord injury (Milosevic et al., 2017).
7.2.1

Anticipatory postural adjustments in an aging debate
As voluntary movement capacity is known to decline with age, a pertinent

question is whether the CNS continues to utilise the same preparatory mode of
control, despite decrements in muscular function, sensorimotor integration and neural
processing (Inglin and Woollacott, 1988). Alternatively, does preparatory control
adapt to these declines to effectively prioritise balance over mobility?
While various tasks have been used (e.g. self-initiated - Inglin and Woollacott,
1988; Man’kovskii et al., 1980; Woollacott and Manchester, 1993 vs. expected
perturbation – Kanekar and Aruin, 2014) the examination of APAs in healthy aged
cohorts has revealed common features. These include a delay in APA onset (Inglin
and Woollacott, 1988; Kanekar and Aruin, 2014; Man’kovskii et al., 1980) and
relative magnitude of responses (Kanekar and Aruin, 2014); however, the relationship
between APA initiation and prime mover activation has received mixed results,
making their interpretation within current theories of movement and posture
challenging. Paired with greatly exaggerated compensatory responses, it was
suggested that the perceived ability of the movement to destabilise the body dictated
the preparatory postural response (Inglin and Woollacott, 1988).
Considering a different task, older cohorts are shown to take more
compensatory steps than their younger counterparts when attempting to maintain
balance through a change-in-support strategy (e.g. taking a step or using the upper
limb on a handle - Maki and McIlroy, 2006). Surprisingly though, the timing and
scaling of the initial step does not change between age groups (Maki and Milroy,
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2006). This suggests that the initiation of the step may remain fixed while future steps
relate to an inability to control instability during the later stages of the step movement
(i.e. when feedback is integrated into the postural response).
Recent work undertaken in our laboratory investigating APA production in the
lower limb of a healthy aged cohort, found that the nature of APAs was not distinct
and often participant-specific (see Appendix G, Stamenkovic et al., 2017). Whether
this follows suit for muscles of the trunk is not yet known; however, it suggests that if
predictive control of movement changes to a traditional stabilising mechanism, it may
be linked to the perception that movement will cause a destabilising effect on the
body. In fact, the perceived capability in action most likely arises from the neural
interference to sensory stimuli (Manini et al., 2013), delays in sensorimotor
processing and potential adaptation to the reduced muscular capacity to generate
necessary torques. This suggests that older adults may no longer be able to rely on
feedback mechanisms to successfully control the terminal phases of movement. This
is in stark contrast to the findings of Chapter 5 (see Section 5.10.1) where younger
adults successfully produced movement-generating APAs despite perceived stability
constraints suggesting future feedback related postural responses were adequate in
dealing with instability.

7.3

Future Directions
Although light touch has been shown to alter postural sway (Jeka, 1999) and

reduce the magnitude of APA production (Slijper and Latash, 2000) in the lower limb
and trunk prior to reaching, both scenarios were not directly compared in the current
dissertation. An argument can be made that both stability and APA production in the
aforementioned studies were influenced due to the concurrent influence of light touch.
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This is vastly different to the perceived stability that may come from future tactile
information (as reflected by the physical target being reached to in Chapter 3 and 4).
Nevertheless, as the interaction between the availability of additional sensory
information and the preparation of movement is unknown, an indirect comparison of
findings of Chapter 3 and Chapter 5 may shed light on changing strategies due to a
physical target. Movement kinematic features of Chapter 3 (e.g. peak velocity and
movement time, see Appendix H, Stamenkovic and Stapley, 2014) and for the
STAND condition in Chapter 5 (see Section 5.9.6 and Table 5.1) can be compared
with the spatial tuning of trunk muscle activity in each respective study to suggest a
similar execution of movement is performed in both. Future work could employ a
virtual reality (VR) environment to confirm whether movement strategies alter as a
consequence of salient target features. For example, comparison of reaching to
physical, remembered or a perceived physical target in the virtual environment (i.e.
has physical appearance but offers no support) may assist in the interpretation of
perceived stability for APA production. Early evidence of kinematic differences in
real-world and virtual-environment reaching lend support to this idea (Just et al.,
2016; Thomas et al., 2016).
7.3.1

Are distance and direction mechanical or neural constructs?
The improvements in VR technology in recent times opens up a vast array of

experimental avenues to assess coordination between visuomotor, postural and
movement goals during reaching. This is because the physics of the virtual
environment can be manipulated to exploit subtle flaws present in neural processing
to better examine relationships of motor control with respect to space and time.
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For example, altering the spatial perception of a goal-directed target to sit
within peri-personal and extra-personal space may provide insight on visuomotor
coordination as the visual spaces are organised disproportionally within the two visual
processing streams (Bjoertomt et al., 2002). The dorsal visual stream is associated
with peri-personal space and acts quickly to provide information surrounding
visuospatial attention and determination of target position in egocentric space
(Halligan and Marshall, 1991; Previc, 1990). The slower acting ventral visual stream
attends to extra-personal space and is primarily involved in visual recognition. Where
do our current studies of beyond-reach whole body movements sit within this
context? An answer may stem from studies of tool use that extend our capacity to
interact with space well beyond arm’s reach. By providing an individual with severe
spatial neglect to peri-personal space but unaltered attention to extra-personal space
with a large pointing stick, similar severe degradations in attention (i.e. neglect)
occurred for the extra-personal space (Berti and Frassinetti, 2000). The suggestion
made from these findings was that spatial representations could be both visual and
motor based. Therefore, peri-personal space and the associated visuomotor attention
could also be based on a perception of reach capability. This may also account for the
similarity in preparatory activity observed in Chapter 5.
The role of direction in the current dissertation was primarily used to reduce
target predictability, and to ensure a rich and variable data source for motor module
analysis. What was not expressly examined was the rationale behind a number of
directional changes observed across each experimental paradigm (see Appendix H
and Sections 6.9.5, 7.9.2 and 7.9.5). Is direction a confounding factor in the
production of coordinated eye, head and reaching responses due to the biomechanical
changes that occur with crossing the midline? Or are they defined by neural
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asymmetries in movement production (e.g. asymmetrical structure and function of the
right fronto-parietal network – Budisavljevic et al., 2016, de Schotten et al., 2011).
When considering a reaching movement with the right arm across the midline to a
visual target to the left of the body (i.e. to contralateral space), different cerebral
hemispheres are responsible for the processing of visual information and generation
of arm movement. This is because the target sits within the left visual field and is
processed in the right visual cortex (crossing at the optic chiasm), whereas the arm
movement is initiated within the left motor areas. Therefore, the timing of movements
may be altered when disparities between the visual hemi-field and body-aligned
hemispace are present (Carey and Liddle, 2013). However, whether this is a result of
delays due to inter-hemispheric sensorimotor control (Barthélémy and Boulinguez,
2002) or a biomechanical outcome of asymmetric reaching (Carey and Liddle, 2013)
is not well understood. In Chapter 6 no interaction (between posture and direction)
was seen and movement sequence remained similar for the eye, head and hand, but
the relationship between onset latencies (Figure. 6.9) and kinematic reaching (finger)
variables (Table 5.1) were altered. This follows closely to previous reports of
directionality in reaching (Fisk and Goodale, 1985) and extends suggestions made by
Carey and Liddle (2013) who purported that hemispace (i.e. side or reach in relation
to the midline of the body), and therefore the biomechanical constraints of the
movement, rather than the hemifield (i.e. visual field with respect to eye fixation
point) and the associated visual processing properties are responsible for changes in
reaction time and finger kinematic variables (e.g. peak velocity, movement time). In
fact, a mechanical priority is only strengthened by our findings of en bloc rotation of
the head and trunk during the initial stages of movement (see Figure. 6.4, Head-onTrunk).
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The distinction between the mechanical or neural basis for directional
differences may also have implications for the interpretation of the muscle synergy
analysis used in Chapter 4 (Tresch and Jarc, 2009). Whilst it is difficult to extrapolate
between species, arguments have been made that cat and human postural strategies
are related to mechanical restraints of the skeleto-muscular system rather than distinct
changes in neural circuitry (Dunbar et al., 1986). For example, when considering the
architectural properties of trunk muscles, individual muscles of the lumbar spine lie
on the same part of the force-length curve. From a structural perspective, they act as a
unit with greatest force potential at mid - flexion (Zwambag et al., 2014). In bipedal
stance (e.g. Figure. 1.2b), CoM displacement would be greatest at this point with a
complementary large threat to stability. Therefore, the architecture of the muscles
themselves implies a functional synergy. In fact, the separation of cortical
representations for the superficial erector spinae and deep multifidus fibres reflects a
compartmentalisation of muscles based on their structural attributes (i.e. architecture
and morphology - Tsao et al., 2011), and is thought to relate to the proposed
functional differentiation between these muscles (Bogduk et al., 1980; De Troyer,
1983; Macintosh and Bogduk, 1987).
As certain structural features already bias the maintenance of stability, is the
presence of a neurally-derived mode of equilibrium control (i.e. APAs) necessary or
redundant? It would seem that this question comes down to the nature of the
voluntary task and the specific goals that movement is produced for. Within the scope
of the current findings, the additional motor modules seen in Chapter 4, relating to
posterior trunk muscles and separation of focal and trunk might be compared to the
spatial tuning of the ankle musculature in Chapter 5 under NARROW and BEAM
conditions (see Section 5.9.2, Figure 5.3 and 5.4). The increased background activity
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(and subsequent increase in joint stiffness) may represent one synergy for balance that
focal and movement-initiating modules are overlaid on to. As discussed in Chapter 5
(see Section 5.10.3) this could relate to a two-step process that allows a basic spatial
tuning (especially for anteriorly placed targets) to precede a task-specific response
(Forssberg and Hirschfeld, 1994). Considered in the scope of time necessary for APA
production (see above – Section 7.1), this provides further evidence that such
adjustments are mediated by extra-pyramidal tracts stemming from the brainstem.
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7.4

Concluding remarks
This dissertation studied the relationship between the CoM and BoS (in the

form of postural changes) that dictates the maintenance of balance in order to address
the various theoretical views that surround movement preparation. It places the
findings of coordinated preparatory activity, across a range of contexts, within a
framework of posture and movement coordination designed to prepare and promote
movement goals using a whole-body approach. Not only is this observed to assist the
aim of reaching (i.e. arm movement), but also in the production of coordinated
visuomotor responses that inform future elements of the movement. Discussion of the
structural bases and neural mechanisms that could support such coordination,
alongside the potential of new technologies to probe the boundaries between posture,
movement and balance, provide a starting point for the future questions raised from
this dissertation. In closing, it is important to remember Aristotle, who determined
that seven causes could describe the need for human actions, “chance, nature,
compulsion, habit, reason, passion and desire” (Aristotle, 1955). This dissertation may
not delve into the reasons why we need to move, but it considers that when we choose
to, we prepare to do so with all our being.
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Appendix C
Surface EMG characteristics and location descriptions for muscles of the trunk segment during functional reaching movements (4 pages)

Author
(Year)

Study Aim

Fautrelle
et al., 2010

Postural lower
limb movement
precedes
voluntary
movement
Muscle synergy
timings
infuenced by
reduced BoS
focus on LL

Fredli et
al., 1984

Postural
adjustment
associated with
rapid voluntary
arm movements

Gibson &
McCarron
, 2004

Oblique
internuus
feedforward
activity during
reaching

Bouisset &
Zattara
(1981)

EMG
Type

InterElectrode
Distance
(IED)

Subject
(n=)

Movement
Type / Speed

n=11, 6
with repeat
measures

forward arm reach
to target/
maximum
velocity

sEMG

No info

No info

Bilateral

n=10
(PCA)
6(cont)

whole body
reaching ground
target/ self paced

sEMG

20mm

No info

Right side

*Based on the guidelines of Ivanenko et al 2005

n= 17
(m&F)

elbow flexion/
consistent
velocity

sEMG

No info

No info

Right side

ES - motor points of thoracolumbar ES;
RA - "above the navel"

n=15(M=4
, F=11)
healthy uni
pop.

right side
reaching and
lifting cup
twisting to new
target/ moderate
to fast

40mm

blue sensor
type "m-00s"
medicotest

Left

IO – anterior inferior portion, 2cm medial/caudal
to ASIS + parallel to inguinal lig.for line of fibre
orientation. (Hodges et al., 1999). Used in
dynamic side support manoeuvre (Juker et al.,
1998)

sEMG
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Electrode
type

Recorded
side

Location Description
EO - no desc;
ES - level of L5;
RA - no desc, "recorded occasionally"
*RA - superior portion, 3cm lateral to umbilicus;
IO, EO, LD - no.desc;
*ES – 2cm lateral to L2 spinous process

Hodges &
Richardso
n, 1997a

TrA predictive
activity not
influenced by
arm direction

n=15(M=9
, F=6) uni
pop

unilateral right
arm raises
(flexion,
extension,
abduction)/ rapid
instruction

Both

32mm
(sEMG)

Ag/AgCl

left side
(FW)

RA – midway b/w umbilicus and pubic
symphysis (near midline);
TrA - 2cm medial to the proximal end of a line
vertical from the ASIS;
EO - midway between iliac crest and distal
border of rib cage in mid axillary line;
IO - 3cm superior and medial to ASIS;
Mult - 2cm lateral to L4-5 interspace

No info
(Bilat?)

trans abs - 2ch anterior to line drawn caphalad
from the ASIS and distal border of rib cage, ob
ext - midway between iliac crest and distal
border of rib cage in mid axillary line, ob int 2cm superior and medial to ASIS, (refer to
Hodges and Richardson, 1997a; DeTroyer et al.,
1990).......... ES(sEMG) - parallel to fibres 1cm
lateral to L4-5 interspace, rec abs (sEMG) either side line drawn between R&L ASIS close
to midline in caudo medial direction.

Limb movement
speed and
associated trunk
muscle activity

n=15(M=9
, F=6) uni
pop

Hodges et
al., 1999

prepartory trunk
motion
accompanies
rapid upper limb
movement

n=8(M)
healthy uni
pop.
OE/OI/
lower
TransAbs
(n=7/6/4)

bilateral arm
raises (flexion,
extension,
abduction)/rapid
instruction

sEMG
+ Fine
wire

20mm for
sEMG

Ag/AgCl

right side

TrA - 2cm medial to the proximal end of a line
vertical from the ASIS;
TrA (lower) - 10mm inferior than ob int location;
EO - midway between iliac crest and distal
border of rib cage in mid axillary line;
IO - 2cm superior and medial to ASIS, (refer to
Cresswell et al., 1992)
ES - level of L4

Kuo et al.,
2010

muscle activity
and kinematics
of squat and
reach in young
and old

n=26(old8M, 16F),
n=33(youn
g9M,24F)

standing to squat
and downward
reach

sEMG

20mm

no info

"dominant
side"

erector spinae - "at L3"

Hodges &
Richardso
n, 1997b

standing arm
raises/ fast natural
slow

sEMG
+ Fine
wire

12mm for
sEMG
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Ag/AgCl

Lee et al.,
2009

Marshall
&
Murphy,
2003

Moore et
al., 1992

Morris &
Allison,
2006

APA of arm
movement
complex control
of thoracic
paraspinals

Validity of
sEMG for
abdominals with
limb movement

APA in seated
reaching task

effect of muscle
fatigue of
abdominal
during arm
raising on APA

n=10
(5M,5F)

unilateral and
bilateral arm
raises (flexion,
extension)/rapid
instruction

n=20 (M)

unilateral arm
raises (flexion,
abduction,
extension)/ rapid
instruction

n=8(5M,
3F) right
hand

seated unilateral
(right) arm raise
to target/ slow and
fast speed
instruction

n=7(6M,1
F) right
hand
dominant

unilateral right
arm raises
(flexion,
extension ) +
fatigue ab curl
protocol/ rapid
instruction

Fine
wire

sEMG

sEMG

sEMG

none for
FW

N/A

34mm

Ag/AgCl
(19mm
diameter)

20mm

Ag/AgCl
(10mm
diameter)

no info
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Ag/AgCl

right side

right multifidus/rotatores @ T5, T8, T11 deepest layer of muscle classed as multifidus,
right longissimus

right side

RA – 3cm superior, 2cm lateral to midline;
IOTrA (inferior) - 2cm medial and inferior to
right ASIS;
IO (superior) - 12cm lateral to umbilicus
EO - directly above IO (inferior), in line with
umbilicus (approx. 12-15cm lateral to umbilicus)

no info

EO - intersection of lines from (horizontal)
umbilicus and (vertical) ASIS;
Paraspinal muscles – level of T12 - L1

left side
recorded

left RA - 3cm lateral to umbilicus (Juker et al.,
1998), left LumES - 3cm lateral to L3 spinous
process;
left IO - approx. 15 lateral to umbilicus and just
superior to the inguinal lig. aligned transverse to
the trunk (adapted from Juker et al., 1998)

Moseley et
al., 2002

Multifidus
activated during
voluntary arm
momement

n=8 (6M,
2F)

unilateral left arm
raises and
repetitive arm
raises/ rapid
instruction

sEMG
+ Fine
wire

20mm
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Ag/AgCl(10
mm
diameter)

right side

Mult - three intramuscular electrodes, level of L4
spinous process.
Electrode 1 (deep multifidus) - 4cm lateral to the
midline and adjacent to lamina of vertebrae;
Electrode 2 - 4cm lateral and 1cm deep (lateral
multifidus);
Electrode 3 - 2cm lateral to midline 1cm from the
superficial border of the multifidus and L4
spinous process,
TrA - midway between ribcage and illiac crest
ES - level L3, 5cm from midline
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Appendix E
Supporting ANOVA tables for Chapter 5 (2pages)

Sup. Table 1: ANOVA results Finger Kinematics
Variable

Degrees of
Freedom

Fstatistic

p

Acc. Phase (ms)
Posture
Direction
Posture x Direction

3,30
1.443,14.427
9,90

1.098
30.252
0.446

0.365
<0.001*
0.906

0.099
0.752
0.043

Peak Velocity (m/s)
Posture
Direction
Posture x Direction

3,30
1.336,13.362
9,90

3.177
11.427
1.298

0.038*
0.003*
0.249

0.241
0.533
0.115

Dec. Phase (ms)
Posture
Direction
Posture x Direction

1.598,15.983
3,30
3.097,30.972

1.794
2.706
0.882

0.201
0.063#
0.464

0.152
0.213
0.081

Deflect from bell shape (ms)
Posture
Direction
Posture x Direction

3,30
1.623,16.226
9,90

0.204
19.840
0.336

0.893
<0.001*
0.961

0.020
0.665
0.033

Movement Time (ms)
Posture
Direction
Posture x Direction

3,30
3,30
3.253,32.531

1.993
4.534
0.884

0.136
0.010*
0.467

0.166
0.312
0.081

Symmetry Ratio (adjusted)
Posture
Direction
Posture x Direction

3,30
1.492,14.925
9,90

2.078
0.589
1.428

0.124
0.520
0.188

0.172
0.056
0.125

Symmetry Ratio (Acc:Dec)
Posture
Direction
Posture x Direction

1.642,16.416
3,30
9,90

0.364
0.662
0.955

0.659
0.582
0.482

0.035
0.062
0.087

Initial Finger error (°)
Posture
Direction
Posture x Direction

3,30
1.147,11.470
9,90

6.726
0.194
1.085

0.001*
0.702
0.382

0.402
0.019
0.098

Endpoint Finger error (°)
Posture
Direction
Posture x Direction

3,30
1.207,12.070
3.692,36.924

12.117
0.196
2.046

<0.001*
0.712
0.113

0.548
0.019
0.170

Finger Trajectory Curvature
Posture
Direction
Posture x Direction

1.869,18.690
1.295,12.953
4.443, 44.427

1.343
2.707
0.715

0.284
0.118
0.600

0.118
0.213
0.067

Normalised Reach Distance
Posture
Direction
Posture x Direction

3,30
1.306,13.059
3.986,39.860

14.849
4.512
2.520

<0.001*
0.045*
0.056#

0.598
0.311
0.201

~ 277 ~

Eta2p

Sup. Table 2: ANOVA results Centre of Mass displacement
Variable
Preparatory phase
(Lon:Fon)
Posture
Direction
Posture x Direction
Acceleration phase
(Fon:Pvel)
Posture
Direction
Posture x Direction
Total movement phase
(Fon:Fend)
Posture
Direction
Posture x Direction

Degrees of
Freedom

Fstatistic

1.926,19.257
3,30
3.554,35.540

11.002
0.704
1.993

0.001*
0.557
0.123

0.524
0.066
0.166

1.581,15.807
1.252,12.521
4.060,40.600

0.352
2.392
3.002

0.660
0.144
0.029*

0.034
0.193
0.239

3,30
3,30
4.312,43.118

13.431
6.305
3.435

<0.001*
0.002*
0.014*

0.573
0.387
0.256
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p

Eta2p

Appendix F
Supporting ANOVA tables for Chapter 6 (9 pages)

Sup. Table 1: Eye metrics (from Figs 6.3 and 6.4)
Degrees of
FVariable
Freedom statistic

praw

Eta2p

Eye Onset (ms)
Task
Posture
Direction
Task x Posture
Task x Direction
Posture x Direction
Task x Posture x Direction

1,10
3,30
1,10
3,30
1,10
3,30
2.094,20.941

0.562
0.419
0.008
0.246
1.255
3.091
0.735

0.471
0.741
0.929
0.863
0.289
0.042#
0.497

0.053
0.040
0.001
0.024
0.111
0.236
0.068

Eye Peak Velocity (°/s)
Task
Posture
Direction
Task x Posture
Task x Direction
Posture x Direction
Task x Posture x Direction

1,10
3,30
1,10
1.422,14.224
1,10
3,30
3,30

1.016
0.901
3.425
4.105
0.454
0.892
1.361

0.337
0.452
0.094
0.050
0.515
0.456
0.274

0.092
0.083
0.255
0.291
0.043
0.082
0.120

Saccade Duration (ms)
Task
Posture
Direction
Task x Posture
Task x Direction
Posture x Direction
Task x Posture x Direction

1,10
1.146,11.462
1,10
1.176,11.755
1,10
1.599,15.992
1.137,11.369

0.208
0.953
0.130
1.513
0.017
0.397
0.755

0.658
0.363
0.726
0.248
0.898
0.634
0.420

0.020
0.087
0.013
0.131
0.002
0.038
0.070

Eye contribution to gaze (%)
Task
Posture
Direction
Task x Posture
Task x Direction
Posture x Direction
Task x Posture x Direction

1,10
3,30
1,10
3,30
1,10
3,30
3,30

0.040
0.578
0.002
0.172
0.092
1.571
0.673

0.846
0.634
0.965
0.914
0.767
0.217
0.575

0.004
0.055
<0.001
0.017
0.009
0.136
0.063

Gaze gain ratio
Task
1,10
2.958
0.116
0.228
Posture
3,30
2.088
0.123
0.173
Direction
1,10
1.206
0.298
0.108
Task x Posture
3,30
2.349
0.092
0.190
Task x Direction
1,10
2.045
0.183
0.170
Posture x Direction
3,30
3.452
0.029#
0.257
Task x Posture x Direction
3,30
0.472
0.704
0.045
#
Not significant after Bonferrioni-Holm correction of main ANOVA results.
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Sup. Table 2: Head metrics (from Fig. 6.5)

Variable
Head contribution to gaze (°)
Task
Posture
Direction
Task x Posture
Task x Direction
Posture x Direction
Task x Posture x Direction

Degrees of
Freedom

1,10
3,30
1,10
3,30
1,10
3,30
3,30

Fstatistic

0.541
1.424
4.576
1.267
11.249
0.632
1.292

praw

0.479
0.255
0.058
0.304
0.007*
0.600
0.295

Eta2p

0.051
0.125
0.314
0.112
0.529
0.059
0.114

Final Head position (°)
Task
1,10
7.043
0.024*
0.413
Posture
3,30
2.071
0.125
0.172
Direction
1,10
1.550
0.242
0.134
Task x Posture
3,30
1.886
0.153
0.159
Task x Direction
1,10
5.293
0.044*
0.346
Posture x Direction
3,30
0.441
0.725
0.042
Task x Posture x Direction
3,30
1.481
0.240
0.129
#
Not significant following Bonferrioni-Holm correction of main ANOVA results.
*
Significant following Bonferrioni-Holm correction of main ANOVA results.
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Sup. Table 3: Segment kinematics - Minimum displacement (from Fig. 6.6)

Variable

Degrees of
Freedom

Fstatistic

praw

Eta2p

Eye-in-Head
Posture
Direction
Posture x Direction

3,30
1,10
3,30

1.274
0.035
0.108

0.301
0.855
0.955

0.113
0.004
0.011

Head-in-space
Posture
Direction
Posture x Direction

1.381,13.807
1,10
1.419,14.193

1.801
1.443
1.419

0.204
0.257
0.266

0.153
0.126
0.124

Head-on-Trunk
Posture
Direction
Posture x Direction

3,30
1,10
3,30

9.480
21.135
11.021

<0.001*
0.001*
<0.001*

0.487
0.679
0.524

Trunk-in-space
Posture
Direction
Posture x Direction

3,30
1,10
3,30

15.410
10.032
16.098

<0.001*
0.010
<0.001*

0.606
0.501
0.617

Trunk-on-Pelvis
Posture
Direction
Posture x Direction

3,30
1,10
3,30

4.123
23.153
1.776

0.015#
0.001*
0.173

0.292
0.698
0.151

Pelvis-in-space
Posture
1.517, 15.170
3.267
0.077
0.246
Direction
1,10
2.049
0.183
0.170
Posture x Direction
3,30
0.691
0.565
0.065
#
Not significant following Bonferrioni-Holm correction of main ANOVA results.
*
Significant following Bonferrioni-Holm correction of main ANOVA results.
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Sup. Table 4: Segment kinematics - Maximum displacement (from Fig. 6.6)

Variable

Degrees of
Freedom

Fstatistic

praw

Eta2p

Eye-in-Head
Posture
Direction
Posture x Direction

3,30
1,10
3,30

0.126
0.099
1.760

0.944
0.759
0.176

0.012
0.010
0.150

Head-in-space
Posture
Direction
Posture x Direction

3,30
1,10
3,30

13.820
0.476
0.354

<0.001*
0.506
0.787

0.580
0.045
0.034

Head-on-Trunk
Posture
Direction
Posture x Direction

3,30
1,10
3,30

5.581
223.705
1.781

0.004#
<0.001*
0.172

0.358
0.957
0.151

Trunk-in-space
Posture
Direction
Posture x Direction

3,30
1,10
3,30

14.720
207.852
12.317

<0.001*
<0.001*
<0.001*

0.595
0.954
0.552

Trunk-on-Pelvis
Posture
Direction
Posture x Direction

3,30
1,10
1.586,15.863

1.871
107.092
2.139

0.156
<0.001*
0.157

0.158
0.915
0.176

Pelvis-in-space
Posture
3,30
25.240
<0.001*
0.716
Direction
1,10
54.934
<0.001*
0.848
Posture x Direction
3,30
8.479
<0.001*
0.459
#
Not significant following Bonferrioni-Holm correction of main ANOVA results.
*
Significant following Bonferrioni-Holm correction of main ANOVA results.
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Sup. Table 5: Segment kinematics - Peak Minimum velocity (from Fig. 6.7)

Variable

Degrees of
Freedom

Fstatistic

praw

Eta2p

Eye-in-Head
Posture
Direction
Posture x Direction

1.663,16.627
1,10
3,30

0.056
0.318
0.750

0.920
0.585
0.531

0.006
0.031
0.070

Head-in-space
Posture
Direction
Posture x Direction

1.153,11.533
1,10
3,30

3.277
0.060
0.099

0.093
0.812
0.960

0.247
0.006
0.010

Head-on-Trunk
Posture
Direction
Posture x Direction

3,30
1,10
3,30

10.168
78.737
7.897

<0.001*
<0.001*
<0.001*

0.504
0.887
0.441

Trunk-in-space
Posture
Direction
Posture x Direction

3,30
1,10
3,30

3.339
24.749
3.532

0.032#
0.001*
0.027#

0.250
0.713
0.261

Trunk-on-Pelvis
Posture
Direction
Posture x Direction

3,30
1,10
1.550,15.505

1.613
3.141
1.009

0.207
0.107
0.368

0.139
0.239
0.092

Pelvis-in-space
Posture
2.072,20.717
0.419
0.670
0.040
Direction
1,10
18.698
0.002*
0.652
Posture x Direction
3,30
1.654
0.198
0.142
#
Not significant following Bonferrioni-Holm correction of main ANOVA results.
*
Significant following Bonferrioni-Holm correction of main ANOVA results.
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Sup. Table 6: Segment kinematics – Peak Maximum velocity (from Fig. 6.7)

Variable

Degrees of
Freedom

Fstatistic

praw

Eta2p

Eye-in-Head
Posture
Direction
Posture x Direction

3,30
1,10
3,30

0.946
1.339
1.154

0.431
0.274
0.343

0.086
0.118
0.103

Head-in-space
Posture
Direction
Posture x Direction

3,30
1,10
3,30

4.543
5.515
0.681

0.010#
0.041#
0.571

0.312
0.355
0.064

Head-on-Trunk
Posture
Direction
Posture x Direction

3,30
1,10
3,30

1.062
100.940
0.511

0.380
<0.001*
0.678

0.096
0.910
0.049

Trunk-in-space
Posture
Direction
Posture x Direction

3,30
1,10
3,30

11.498
119.964
16.855

<0.001*
<0.001*
<0.001*

0.535
0.923
0.628

Trunk-on-Pelvis
Posture
Direction
Posture x Direction

3,30
1,10
3,30

0.542
92.149
0.938

0.658
<0.001*
0.435

0.051
0.902
0.086

Pelvis-in-space
Posture
3,30
9.474
<0.001*
0.486
Direction
1,10
25.946
<0.001*
0.722
Posture x Direction
1.714,17.143
3.118
0.076
0.238
#
Not significant following Bonferrioni-Holm correction of main ANOVA results.
*
Significant following Bonferrioni-Holm correction of main ANOVA results.
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Sup. Table 7: Segment kinematics - Time to Peak Minimum velocity (from Fig.
6.7)

Variable

Degrees of
Freedom

Fstatistic

praw

Eta2p

Eye-in-Head
Posture
Direction
Posture x Direction

3,30
1,10
3,30

2.105
8.022
0.978

0.120
0.018#
0.416

0.174
0.445
0.089

Head-in-space
Posture
Direction
Posture x Direction

3,30
1,10
3,30

0.619
1.525
0.613

0.608
0.245
0.612

0.058
0.132
0.058

Head-on-Trunk
Posture
Direction
Posture x Direction

3,30
1,10
3,30

0.344
34.670
0.314

0.794
<0.001*
0.815

0.033
0.776
0.030

Trunk-in-space
Posture
Direction
Posture x Direction

3,30
1,10
3,30

2.649
1.440
0.756

0.067
0.258
0.528

0.209
0.126
0.070

Trunk-on-Pelvis
Posture
Direction
Posture x Direction

3,30
1,10
2.094,20.940

0.099
3.040
0.561

0.960
0.112
0.587

0.010
0.233
0.053

Pelvis-in-space
Posture
3,30
5.282
0.005#
0.346
Direction
1,10
0.733
0.412
0.068
Posture x Direction
3,30
1.277
0.300
0.113
#
Not significant following Bonferrioni-Holm correction of main ANOVA results.
*
Significant following Bonferrioni-Holm correction of main ANOVA results.
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Sup. Table 8: Segment kinematics - Time to Peak Maximum velocity (from Fig.
6.7)

Variable

Degrees of
Freedom

Fstatistic

praw

Eta2p

Eye-in-Head
Posture
Direction
Posture x Direction

1.285,12.846
1,10
3,30

0.874
0.002
0.214

0.394
0.967
0.886

0.080
<0.001
0.021

Head-in-space
Posture
Direction
Posture x Direction

3,30
1,10
3,30

1.074
0.553
0.169

0.375
0.474
0.917

0.097
0.052
0.017

Head-on-Trunk
Posture
Direction
Posture x Direction

3,30
1,10
3,30

1.106
10.185
1.773

0.362
0.010#
0.174

0.100
0.505
0.151

Trunk-in-space
Posture
Direction
Posture x Direction

3,30
1,10
3,30

1.497
0.491
1.512

0.235
0.500
0.232

0.130
0.047
0.131

Trunk-on-Pelvis
Posture
Direction
Posture x Direction

3,30
1,10
3,30

0.577
4.347
0.383

0.634
0.064
0.766

0.055
0.303
0.037

Pelvis-in-space
Posture
1.941,19.407
0.495
0.611
0.047
Direction
1,10
2.370
0.155
0.192
Posture x Direction
3,30
0.579
0.634
0.055
#
Not significant following Bonferrioni-Holm correction of main ANOVA results.
*
Significant following Bonferrioni-Holm correction of main ANOVA results.
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Sup. Table 9: Eye-Head-Finger onset sequence (from Fig. 6.8)

Variable

Degrees of
Freedom

Fstatistic

praw

Eta2p

Segment Onset (ms)
Segment
2,20
19.075
<0.001*
0.656
Posture
3,30
0.121
0.947
0.012
Direction
1,10
1.344
0.273
0.119
Segment x Posture
2.197,21.973
1.587
0.228
0.136
Segment x Direction
2,20
0.417
0.665
0.040
Posture x Direction
3,30
0.108
0.955
0.011
Segment x Posture x Direction 2.686,26.856
0.570
0.621
0.054
#
Not significant following Bonferrioni-Holm correction of main ANOVA results.
*
Significant following Bonferrioni-Holm correction of main ANOVA results.
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